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Abstract 
This work investigates the transformation o f wave shapes and the landward spatial 
distribution o f overtopping water over coastal structures by experimental data and a numerical 
model based on the Reynolds Averaged Navier-Stokes (RANS ) equations and Volume o f 
Fluid (VOF) surface capturing scheme ( R A N S - V O F ) . The aim of this study is to understand 
the transformation of wave shapes and the landward spatial distribution of overtopping water 
in the presence of coastal structures. This work provides new insights on the role o f wave 
skewness and asymmetry on the breakwaters stability and sediment transport around the 
structure and on the beaches behind it. A lso it helps to establish the extent of hazardous zones 
behind coastal structures when overtopping is anticipated. 
A set o f practical empirical formulae, relating wave shapes to local Ursell number, are 
derived based on an analysis o f measurements collected in wave basin transmission tests o f 
the D E L O S (Environmental Design o f Low Crested Coastal Defence Structures) project. This 
work also introduces the relationship o f wave skewness on both sides o f Low-Crested 
Structures (LCS) , as well as wave asymmetry. R A N S - V O F model results show that in the 
presence o f L C B s , wave skewness decreases in the seaward near-field region including the 
seaward slope and increases rapidly up to the maximum above the structural crest. It then 
decreases dramatically in the leeward near-field region covering the leeward slope. Wave 
asymmetry decreases in the seaward near-field region, down to the minimum value on the 
structural crest, and then increases up to positive value in the leeward near-field region o f 
L C B s . Wave skewness retains a positive sign on both sides but asymmetry changes fi-om 
negative on the incident side to positive on the transmission side. 
Bispectral Analysis o f experiment and model results suggest that sum interaction between 
wave components contributes positively to wave skewness but negatively to wave asymmetry, 
while difference interaction contributes negatively to wave skewness but positively to wave 
asymmetry. The underlying physics of large variations o f wave shapes in the vic inity o f 
coastal structures is that: both sum interactions and difference interactions are significant in 
the seaward near-field region, while the sum interactions dominate on the structural crest but 
difference interactions dominate in the leeward near-field region o f L C B s . 
A semi-analytical model is developed to relate the landward spatial distribution to the flow 
depth and flow velocities at the leeward end o f structural crests and the landward ground 
levels. Model results indicate that for the same incident wave conditions, the proportion o f 
wave overtopping water passing a landward location increases initially with the increase in 
the seaward slope of the structure fi-om 1:8 to 1:3, but it subsequently decreases with steeper 
slopes (from 1:3 to vertical). It is also found that the proportion of wave overtopping water 
passing a location increases with Ursel l number o f the incident waves and landward ground 
level, but decreases with increasing relative structural fi^eeboard and structural crest width. 
The effect o f wave randomness is negligible on landward spatial distribution o f wave 
overtopping water. 
R A N S - V O F model results o f the transformation o f wave shapes and spatial distribution o f 
wave overtopping water are in good agreement with measurements collected in small scale 
wave channel tests of D E L O S project and measurements collected in C L A S H project ('Crest 
Level Assessment o f coastal Structures by fiill scale monitoring, neural network prediction 
and Hazard analysis on permissible wave overtopping') respectively. R A N S - V O F model is 
successful in reproducing the laboratory results and can therefore be used as well as 
laboratory experiments in the future. 
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t h e b e s t - f i t t e d e x p r e s s i o n s i n f o r m o f E q u a t i o n 3 . 3 . 6 7 9 
F i g u r e 3 . 3 . 7 R e l a t i o n s h i p b e t w e e n w a v e s k e w n e s s (a a n d b) a n d a s y m m e t r y 
(c a n d d) a n d U r s e l l n u m b e r o n t h e i n c i d e n t s ide (left pane l ) a n d the 
t r a n s m i s s i o n s i d e ( r i ght pane l ) o f r u b b l e m o u n d L C S . S o l i d l i n e i s 
p r e d i c t e d b y E q u a t i o n 3 . 3 . 8 for (a), E q u a t i o n 3 .3 .9 for (c), E q u a t i o n 
3 . 3 . 1 0 for (b) a n d E q u a t i o n 3 . 3 . 1 1 for (d). T h e d a s h - d o t t e d l i n e s a r e 
p r e d i c t e d u s i n g E q u a t i o n 3 . 3 . 4 for (a), E q u a t i o n 3 . 3 . 5 for (c), E q u a t i o n 
3 . 3 . 6 for (b) a n d E q u a t i o n 3 . 3 . 7 for (d) r e spec t i v e l y 8 1 
F i g u r e 3 . 3 . 8 R e l a t i o n s h i p s o f w a v e a s y m m e t r i e s b e t w e e n b o t h s i d e s o f L C S . 
(a) w a v e s k e w n e s s o f s m o o t h L C S , (b) wave a s y m m e t r y o f s m o o t h L C S , 
(c) w a v e s k e w n e s s o f r u b b l e m o u n d L C S a n d (d) wav e a s y m m e t r y o f 
r u b b l e m o u n d L C S . D o t t e d l i n e r e p r e s e n t s S i = S t w h i l e D a s h e d l i n e 
s t a n d s for A t = - A i . 8 4 
F i g u r e 3 . 4 . 1 N o r m a l i z e d P o w e r s p e c t r a b y the e n e r g y o f p e a k w a v e 
c o m p o n e n t (a a n d b), c o n t o u r s o f b i c o h e r e n c e (c a n d d), c o n t o u r s o f r e a l 
p a r t (e a n d f) a n d i m a g i n a r y p a r t (g a n d h) o f n o r m a l i z e d b i s p e c t r u m o n 
t h e i n c i d e n t s i d e (left c o l u m n ) a n d t r a n s m i s s i o n s i d e ( r ight c o l u m n ) o f 
s m o o t h L C S ( R c = - 0 . 0 5 m , H i = 0 . 1 3 m , h = 0 . 3 5 m , a=0° ) . T h e m i n i m u m 
l e v e l s o f c o n t o u r p l o t s a r e (c) 0 . 1 5 , (d) 0 . 1 5 , (e) 2 e - 4 , (f) 2 e -4 , (g) - l l e - 4 
a n d (h) 0 . 6 e - 4 . T h e c o r r e s p o n d i n g i n t e r v a l s of c o n t o u r l e ve l s a r e 0 . 1 , 0 . 1 , 
3 e - 4 , 3 e - 4 , 3 e - 4 , a n d 1.5e-4 r e spec t i v e l y . D a s h e d c o n t o u r s a r e nega t i v e 
v a l u e s a n d s o l i d o n e s a r e p o s i t i v e v a l u e s 8 7 
F i g u r e 3 . 4 . 2 N o r m a l i z e d P o w e r s p e c t r a b y the e n e r g y o f p e a k wave 
c o m p o n e n t (a a n d b), c o n t o u r s o f b i c o h e r e n c e (c a n d d), c o n t o u r s o f r e a l 
p a r t (e a n d f) a n d i m a g i n a r y p a r t (g a n d h) o f n o r m a l i z e d b i s p e c t r u m o n 
t h e i n c i d e n t s i d e (left c o l u m n ) a n d t r a n s m i s s i o n s i d e ( r ight c o l u m n ) o f 
s m o o t h L C S ( ; ?c=0 .05m, H r O . l l m , h = 0 . 2 5 m , a=0°) . T h e m i n i m u m leve ls 
o f c o n t o u r p l o t s a r e (c) 0 . 1 5 , (d) 0 . 1 5 , (e) l e - 4 , (f) l e - 4 , (g) - 1 3 e - 4 a n d (h) 
2 e - 4 . T h e c o r r e s p o n d i n g i n t e r v a l s o f c o n t o u r l eve ls a r e 0 . 1 , 0 . 1 , 2 e -4 , 
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3 e - 4 , 3 e - 4 , a n d 3e -4 r e spec t i v e l y . D a s h e d c o n t o u r s a r e nega t i v e v a l u e s 
a n d s o l i d o n e s a r e p o s i t i v e v a l u e s 8 8 
F i g u r e 4 .2 .1 I n s t a l l a t i o n o f w a v e g a u g e s i n th e e x p e r i m e n t s w i t h (a) n a r r o w 
c r e s t t e s t s a n d (b) w i d e c r e s t t e s t s . U n i t : m . G l to G i l r e p r e s e n t t h e 
s u r f a c e e l e v a t i o n g a u g e s 9 9 
F i g u r e 4 .3 .1 S k e t c h o f t h e n u m e r i c a l s e t u p a n d t h e c o m p u t a t i o n a l m e s h e s . 
D a s h e d l i n e s t a n d s for s t i l l w a t e r l e ve l , S W L , a n d h r e p r e s e n t s th e w a t e r 
d e p t h 102 
F i g u r e 4 . 3 . 2 O v e r v i e w o f 3 0 n u m e r i c a l g a u g e s ( W G l to W G 3 0 ) . W a t e r d e p t h 
a t x = l I m i s 0 .4 m . S o l i d l i n e r e p r e s e n t s c a l c u l a t e d s u r f a c e e l e v a t i o n s a t 
t=200 s; d a s h - d o t t e d l i n e s t a n d s for s t i l l w a t e r l e ve l 1 0 5 
F i g u r e 4 . 3 . 3 C o m p a r i s o n s o f p r e d i c t e d w a v e s u r f a c e e l e v a t i o n s a n d 
m e a s u r e m e n t s (a) o n the i n c i d e n t s i d e , (b) o n the s e a w a r d s l o p e , (c) o n 
the c r es t , (d) o n the l a n d w a r d s l ope a n d (e) o n the t r a n s m i s s i o n s i d e o f 
L C S (Case N o . l ) . C o o r d i n a t e s o f W G s c a n be r e f e r r ed i n F i g u r e 4 . 3 . 2 . 
1 0 6 
F i g u r e 4 . 3 . 4 C o m p a r i s o n s o f c a l c u l a t e d p o w e r s p e c t r u m a n d m e a s u r e m e n t s 
(Case No.8 ) . C o o r d i n a t e s o f W G s c a n be r e f e r r ed i n F i g u r e 4 . 3 . 2 1 0 8 
F i g u r e 4 . 3 . 5 S n a p s h o t o f t h e f low p a t t e r n i n th e c o m p u t a t i o n a l d o m a i n 
( s h o w n i n F i g u r e 4 .3 .2 ) . T h e g rey a r e a i s t h e i m p e r m e a b l e b o t t o m , w h i l e 
the b l u e a r e a r e p r e s e n t s t h e p e r m e a b l e o b s t a c l e s . T h e wave c o n d i t i o n s : 
H = 0 . 0 7 m , T=1.6s, h = 0 . 4 m a n d Rc=-0.05m 1 1 0 
F i g u r e 4 .4 .1 C o m p a r i s o n s o f w a v e s k e w n e s s (S) a n d a s y m m e t r y (A) o f w a v e 
s u r f a c e e l e v a t i o n s b e t w e e n d i f f e rent (a, d) s i g n i f i c a n t wave h e i g h t s w i t h 
Tpi=1.6s a n d h o = 0 . 4 m , (b, e) p e a k wa ve p e r i o d s w i t h H i = 0 . 0 7 m a n d 
h o = 0 . 4 m (c, f) w a t e r d e p t h s a t x = l l m w i t h H t = 0 . 1 0 m a n d 7},,= 1.6s u n d e r 
th e s a m e o t h e r w a v e c o n d i t i o n s a n d s t r u c t u r a l g eomet ry . S t r u c t u r a l 
c r e s t w i d t h B = 1 . 0 m . L i n e s r e p r e s e n t n u m e r i c a l r e s u l t s a n d d o t s 
r e p r e s e n t m e a s u r e m e n t s , o: m e a s u r e m e n t s a s s o c i a t e w i t h s o l i d l i n e , • : 
m e a s u r e m e n t s a s s o c i a t e w i t h d a s h e d l i n e . G r e y a r e a r e p r e s e n t s t h e 
xv i i 
L C B a n d b o t t o m ( s ca l ed for a e s t h e t i c reason ) 113 
F i g u r e 4 . 5 . 1 R e l a t i o n s h i p s o f U r (Ur=HsLm2/h3) a n d (a) wave s k e w n e s s a n d (b) 
a s y m m e t r y i n f r o n t of L C S . o: t h e c a l c u l a t e d r e s u l t s ; A : m e a s u r e m e n t s ; 
s o l i d l i n e s : p r e d i c t i o n s b y E q u a t i o n s 3 . 3 . 8 - 3 . 3 . 9 1 1 5 
F i g u r e 4 . 5 . 2 R e l a t i o n s h i p s o f U r s e l l n u m b e r , U r , a n d (a) w a v e s k e w n e s s , S , 
a n d (b) w a v e a s y m m e t r y . A , a b o v e the flat b o t t o m o n the t r a n s m i s s i o n 
s i d e o f L C S . o: t h e c a l c u l a t e d r e s u l t s ; A : m e a s u r e m e n t s ; s o l i d l i n e s : 
p r e d i c t i o n s b y E q u a t i o n s 3 . 3 . 1 0 - 3 . 3 . 1 1 1 1 5 
F i g u r e 4 . 6 . 1 E f f e c t o f i n c i d e n t w a v e s h a p e s o n t h e e v o l u t i o n s o f wav e 
s k e w n e s s a n d a s y m m e t r y a c r o s s L C S . (a) W a v e p ro f i l e s a t x = l l m , (b) 
s i g n i f i c a n t w a v e h e i g h t s , Hs, (c) wave s k e w n e s s , S, a n d (d) wave 
a s y m m e t r y . A , u n d e r th e s a m e wave p a r a m e t e r s a n d s t r u c t u r a l 
p r o p e r t i e s . G r e y a r e a r e p r e s e n t s t h e L C B a n d b o t t o m g e o m e t r y ( s ca l ed 
for a e s t h e t i c r e a son ) . Nega t i v e l y s k e w e d wave : S = - 0 . 2 3 , A = - 0 . 1 9 ; 
p o s i t i v e l y s k e w e d wave : S = 0 . 4 5 , A = — 0 . 3 5 . S o u r c e r e g i o n i s l o c a t e d 
a r o u n d x = 1 0 m . B = 1 . 0 m , R c = - 0 . 0 5 m 121 
F i g u r e 4 . 6 . 2 E f f e c t o f t h e r a n d o m n e s s i n i n c i d e n t w a v e s o n t h e e v o l u t i o n o f 
w a v e s k e w n e s s {S} a n d a s y m m e t r y (A) o ve r L C S , w i t h the s a m e 
s i g n i f i c a n t w a v e h e i g h t a n d p e a k p e r i o d a n d s t r u c t u r a l g eomet ry , (a) 
P o w e r s p e c t r u m , So(f), a t x = l I m a n d (b) wav e s k e w n e s s a n d a s y m m e t r y . 
T h e d o t t e d l i n e r e p r e s e n t s th e 9 5 % c o n f i d e n c e l eve l s o f t h e m e a n 
s k e w n e s s o r a s y m m e t r y . G r e y a r e a r e p r e s e n t s the L C B a n d b o t t o m 
g e o m e t r y ( s c a l ed for a e s t h e t i c r e a son ) . B = 0 . 2 5 m , R c = - 0 . 0 5 m 122 
F i g u r e 4 . 6 . 3 E f f ec t o f r e l a t i v e c r e s t w i d t h of L C S o n (a) w a v e s k e w n e s s (S) 
a n d (b) a s y m m e t r y (A) u n d e r th e s a m e wave c o n d i t i o n s . G r e y a r e a 
r e p r e s e n t s t h e L C B a n d b o t t o m geome t r y ( s ca l ed for a e s t h e t i c r eason ) . 
S y m b o l s r e p r e s e n t m e a s u r e m e n t s , O : n a r r o w c r e s t w i t h ; • : w i d e c r e s t 
w i t h . R c = - 0 . 0 5 m 124 
F i g u r e 4 . 6 . 4 E f f ec t o f s t r u c t u r a l p o r o s i t y o n the e v o l u t i o n o f (a) s i g n i f i c a n t 
w a v e h e i g h t (Hs), (b) w a v e s k e w n e s s (S) a n d (c) wav e a s y m m e t r y [A) 
xv i i i 
u n d e r the s a m e w a v e c o n d i t i o n s a n d s t r u c t u r a l geomet ry . G r e y l a y e r 
o n l y r e p r e s e n t s t h e L C B a n d b o t t o m g e o m e t r y ( sca led for a e s t h e t i c 
r e a s o n ) . O : m e a s u r e m e n t s o f the c a s e w i t h l a rge po ro s i t y . B = 1 . 0 m , R c = -
0 . 0 5 m 1 2 6 
F i g u r e 4 . 6 . 5 Ef fect o f r e l a t i v e f r e e b o a r d o n the e v o l u t i o n o f (a) w a v e s k e w n e s s 
(S) a n d (b) wave a s y m m e t r y [A) u n d e r t h e s a m e wa ve c o n d i t i o n s a n d 
s t r u c t u r a l g eomet ry . G r e y l a y e r o n l y r e p r e s e n t s t h e h o r i z o n t a l l o c a t i o n 
o f b o t t o m geomet ry . B = 1 . 0 m 1 2 9 
F i g u r e 4 .7 .1 N o r m a l i z e d p o w e r s p e c t r u m a n d b i - c o h e r e n c e , b 2 ( f l , f2), o f 
s u r f a c e e l e v a t i ons (a) o n t h e f r on t s l ope (WGS ) , (b) o n the c r e s t ( W G l 2 ) , 
(c) o n the r e a r s l ope ( W G l 8 ) a n d (d) o n the t r a n s m i s s i o n s i d e ( W G 2 1 ) . 
T h e d o t t e d l i n e s r e p r e s e n t t h e p r i m a r y f r e q u e n c y a n d s e c o n d h a r m o n i c . 
131 
F i g u r e 5 .2 .1 S k e t c h o f c o m p u t a t i o n a l d o m a i n . G l to G 4 r e p r e s e n t t h e 
l o c a t i o n s o f f o u r w a v e g a u g e s i n th e e x p e r i m e n t s ; htoe i s w a t e r d e p t h a t 
the toe o f s t r u c t u r e s ; S W L i s s t i l l w a t e r l e ve l ; R c , B a n d tan(a) a r e t h e 
s t r u c t u r a l f r e e b o a r d , c r e s t w i d t h a n d s e a w a r d s l ope r e spec t i v e l y . T h e 
o r i g i n o f c o o r d i n a t e s i s a t t h e l a n d w a r d e n d o f s t r u c t u r a l c r e s t w i t h x for 
h o r i z o n t a l a x i s a n d y for v e r t i c a l a x i s 141 
F i g u r e 5 .2 .2 Ef fec t o f m e s h s i z e o n the p r e d i c t e d su r f a c e e l e v a t i o n s . 
H = 0 . 1 6 m , T=2 .0s , h = 0 . 7 m a n d R c = 0 . 1 m 1 4 3 
F i g u r e 5 .3 .1 C a l c u l a t e d s u r f a c e e l e v a t i o n s ( so l id l ine) a n d m e a s u r e d s u r f a c e 
e l e v a t i ons o f L i et a l . (2007) (c ircles) a t (a) G 2 a n d (b) G 4 . H = 0 . 1 6 m , 
T=2 .0s , h = 0 . 7 m a n d R c = 0 . 1 m 1 4 5 
F i g u r e 5 .3 .2 C o m p a r i s o n s o f d i m e n s i o n l e s s o v e r t o p p i n g d i s c h a r g e , 
e=^*^/tet^/(^/^/g*^), a g a i n s t t h e d i m e n s i o n l e s s f r e eboa rds , R=I{I{H*Q 
(§p i s s u r f s i m i l a r i t y w i t h t h e p e a k p e r i o d a t t h e toe o f s t r u c t u r e s ) , 
b e t w e e n n u m e r i c a l r e s u l t s a n d e m p i r i c a l f o r m u l a e 1 4 7 
F i g u r e 5 .3 .3 C o m p a r i s o n s o f l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g 
w a t e r b e t w e e n n u m e r i c a l r e s u l t s a n d m e a s u r e m e n t s for (a) a v e r t i c a l 
x ix 
w a l l a n d (b) a s e a d i k e w i t h t h e s e a w a r d s l ope o f 1:2. V{x)/Vt i s t h e 
p r o p o r t i o n o f o v e r t o p p i n g v o l u m e p a s s i n g x ; V t i s the c u m u l a t i v e 
o v e r t o p p i n g v o l u m e ; Lo i s d e e p w a t e r wave l e n g t h w i t h t h e m e a n p e r i o d 
a n d Hi i s s i g n i f i c a n t wave h e i g h t a t t h e toe o f s e a d i k e ; l a n d w a r d g r o u n d 
l e v e l hmeas=0 for b o t h c a s e s 149 
F i g u r e 5 .4 .1 C o m p a r i s o n s o f l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g 
w a t e r o v e r (a) a 1:6 d i k e a n d (b) a 1:2 d i k e b e t w e e n s e m i - a n a l y t i c a l 
r e s u l t s , n u m e r i c a l r e s u l t s a n d m e a s u r e m e n t s . H , = 0 . 1 2 m 1 5 3 
F i g u r e 5 .5 .1 E f f ec t o f U r s e l l n u m b e r o f i n c i d e n t w a v e s o n l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r , h toe=0 .7m, B = 0 . 3 m , tan(a)=l:6, 
i ? c = 0 . 1 m a n d hmeas=Om 1 5 5 
F i g u r e 5 . 5 . 2 E f f ec t o f wave r a n d o m n e s s o n (a) c u m u l a t i v e o v e r t o p p i n g 
v o l u m e (Vt ) a n d (b) l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r . 
S o l i d l i n e r e p r e s e n t s t h e e x p e c t e d v a l u e a n d the d a s h e d l i n e s s h o w the 
9 5 % c o n f i d e n c e l eve l s o f t h e e x p e c t e d v a l u e . H , = 0 . 1 2 m , Tp i=1 .6s , 
htoe=0.7m, i ? c = 0 . 1 m , S = 0 . 3 m a n d hmeas=Om 1 5 6 
F i g u r e 5 . 5 . 3 E f f e c t o f s t r u c t u r a l s e a w a r d s l ope , t a n (a), o n the l a n d w a r d 
s p a t i a l d i s t r i b u t i o n of o v e r t o p p i n g wa t e r . H p 0 . 1 2 m , Tp i=1 .6s , h foe=0 .7m, 
i ? c = 0 . 1 m , B = 0 . 3 m a n d hmeas=Om 158 
F i g u r e 5 . 5 . 4 E f f ec t o f the r e l a t i v e s t r u c t u r a l c r e s t w i d t h , B / L p , o n the 
l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r . H i = 0 . 1 2 m , Tp i= 1.6s, 
htoe=0.7m, tan(a)=l:6, Rc=0.1m a n d hmeas=Om 160 
F i g u r e 5 . 5 . 5 E f f ec t o f r e l a t i v e s t r u c t u r a l f r e e b o a r d , Rc/H, o n l a n d w a r d 
s p a t i a l d i s t r i b u t i o n of o v e r t o p p i n g wa te r . H i = 0 . 1 6 m , Tp,=2.0s, h toe=0 .7m, 
hmeas=Om, B = 0 . 3 m a n d t a n ( a ) = l : 6 162 
F i g u r e 5 . 5 . 6 E f f ec t o f l a n d w a r d g r o u n d leve l , h m e a s , o n the l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f w a v e o v e r t o p p i n g wa t e r . H i = 0 . 1 2 m , Tpi=1.6s, h toe=0 .7m, 
i ? c = 0 . 1 m , t a n ( a ) = l : 6 a n d B = 0 . 3 m 163 
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O c e a n w a v e s a r e u s u a l l y f o r m e d b y the l o c a l a t m o s p h e r e c o n d i t i o n s , s u c h 
a s p r e s s u r e , a n d a c o m p l e x p r o c e s s o f w i n d - w a t e r i n t e r a c t i o n s , i n c l u d i n g t h e 
r e s o n a n c e a n d the s h e a r i n g a c t i o n . A s w a v e s t r a v e l t o w a r d b e a c h e s , t h e y w i l l 
g r a d u a l l y e n t e r a n e a r s h o r e c o a s t a l r e g i o n w h e r e t h e l o c a l w a t e r d e p t h s t a r t s 
to i n f l u e n c e t h e w a v e s . In t h i s r e g i o n , w a v e a m p l i t u d e s i n c r e a s e , 
w a v e l e n g t h s d e c r e a s e , a n d w a v e i n c i d e n t d i r e c t i o n r e f r ac t s t o w a r d t h e 
n o r m a l o f the b e a c h . T h e s e l i n e a r p r o p a g a t i o n ef fects a r e o b s e r v e d r e a d i l y 
a n d u n d e r s t o o d w e l l . In a d d i t i o n , p r o n o u n c e d n o n l i n e a r effects i n s h a l l o w 
w a t e r c a u s e a d r a m a t i c t r a n s f o r m a t i o n o f w a v e s h a p e s f r o m i n i t i a l l y 
s y m m e t r i c , n e a r l y s i n u s o i d a l p ro f i l e s , to a s y m m e t r i c , p i t c h e d f o r w a r d 
p ro f i l e s c h a r a c t e r i s t i c o f n e a r - b r e a k i n g w a v e s . O n c e w a v e s have b r o k e n , b o r e 
f o r m a t i o n s t a r t s a n d b r o k e n w a v e s p o u r w a t e r i n t o t h e s u r f z o n e , w h e r e 
c o m p l e x e n e r g y d i s s i p a t i o n , e n e r g y t r a n s f e r a n d t u r b u l e n t p r o c e s s e s o c c u r . 
1 
C H A P T E R 1 INTRODUCTION 
W a v e s with t h e s e c h a r a c t e r i s t i c s l e a d to n e a r s h o r e f l u i d m o t i o n s (e.g., l o n g -
s h o r e c u r r e n t s , r i p c u r r e n t s , a n d u n d e r t o w ) a n d s e d i m e n t t r a n s p o r t (e.g., 
e r o s i o n a n d a c c r e t i o n o f b e a c h e s , a n d t h e f o r m a t i o n o f b a r s a n d c u s p s ) . 
T h e s h o a l i n g w a v e s i n a n e a r s h o r e c o a s t a l z one e x h i b i t h i g h n o n l i n e a r i t y 
a n d l a r g e w a v e e n e r g y d e n s i t i e s , r e p r e s e n t e d b y la rge w a v e h e i g h t s . If the r e 
a r e i n s u f f i c i e n t s e a de f ences o r o t h e r h u m a n i n t e r v e n t i o n s , w a v e s c a n c a u s e 
e n o r m o u s d a m a g e to b e a c h m o r p h o l o g y , c l i f f s , f a r m l a n d a n d c o a s t a l 
p r o p e r t i e s . O f p r i m e c o n c e r n i s t h e sa fe ty of p eop l e l i v i n g b y the c o a s t l i n e s 
e s p e c i a l l y to t h o s e s t r o l l i n g a l o n g p r o m e n a d e s d u r i n g w a v e o v e r t o p p i n g 
e v e n t s . A s a r e s u l t , c o a s t a l s t r u c t u r e s , s u c h a s s e a w a l l s , g r o y n e s , a r m o u r e d 
b r e a k w a t e r s , p e r f o r a t e d - w a l l b r e a k w a t e r s a n d l o w - c r e s t e d b r e a k w a t e r s , a r e 
c o n s t r u c t e d . T h e s e s t r u c t u r e s a r e e m p l o y e d to p r e v e n t o r r e d u c e e r o s i o n a n d 
f l o o d i n g o f c o a s t a l s t r e t c h e s o f h i g h v a l u e , to s t a b i l i z e a n d r e t a i n b e a c h e s 
a n d r e c l a i m e d l a n d , a n d to i n c r e a s e t h e a m e n i t y v a l u e o f t h e c o a s t (e.g. 
b e a c h u s e , s u r f i n g ) . T h e i r h y d r o d y n a m i c f u n c t i o n i s to d i s s i p a t e h i g h w a v e s 
b y f o r c i n g t h e w a v e s to b r e a k , c o n s e q u e n t l y c a u s i n g s u b s t a n t i a l wave 
a t t e n u a t i o n a n d r e f l e c t i o n , a n d r e d u c i n g t r a n s m i s s i o n a n d o v e r t o p p i n g 
e n e r g y . 
H o w e v e r , i n t h e p r e s e n c e o f c o a s t a l s t r u c t u r e s , w a v e t r a n s f o r m a t i o n 
i n e v i t a b l y i n v o l v e s m o r e c o m p l e x p r o c e s s e s , s u c h a s w a v e r e f l e c t i on , wave 
r e f r a c t i o n , w a v e t r a n s m i s s i o n , w a v e o v e r t o p p i n g a n d s t r u c t u r a l s t a b i l i t y . 
W h e n t h e i n c i d e n t w a v e t r a i n i m p i n g e s o n the s t r u c t u r e , p a r t o f the e n e r g y 
i s r e f l e c t ed b a c k to t h e s e a a n d p a r t i s t r a n s m i t t e d i n th e l e e s ide z one . M o s t 
2 
CHAPTER 1 INTRODUCTION 
o f the i n c i d e n t wave e n e r g y i s l o s t o n the s t r u c t u r e ' s c r es t , e s s e n t i a l l y b y 
b r e a k i n g . P a r t o f the e n e r g y i s a l s o d i s s i p a t e d b y a i r e n t r a i n m e n t a n d f r i c t i o n 
a t t h e s o l i d s k e l e t o n i n t e r f a c e a n d w i t h i n t h e p o r o u s m e d i a . M o s t o f t h e 
p r e v i o u s w o r k h a s b e e n o r i e n t e d t o w a r d s t h e f u n c t i o n a l d e s i g n o f c o a s t a l 
s t r u c t u r e s to e v a l u a t e r e f l e c t i o n ( Z a n u t t i g h a n d v a n d e r M e e r , 2 0 0 8 ) , 
s t r u c t u r a l s t a b i l i t y ( V a n d e r M e e r , 1 9 8 7 ; B u r c h a r t h e t a l . , 2 0 0 6 ) a n d 
t r a n s m i s s i o n ( V a n d e r M e e r et a l . , 2 0 0 5 ; W a n g et a l . , 2 0 0 7 ) , r u n - u p ( V a n d e r 
M e e r a n d S t a m , 1992 ) , o v e r t o p p i n g ( E u r O t o p , 2 0 0 8 ) , s c o u r ( S u m e r e t a l . , 
2 0 0 1 ; S u m e r et a l . , 2 0 0 5 ) a n d v e l o c i t y a n d t u r b u l e n c e fields ( S a k a k i y a m a 
a n d L i u , 2 0 0 1 ; L o s a d a et a l . , 2 0 0 5 ) . T h e s e c o m p l e x p r o c e s s e s p r e s e n t a b i g 
c h a l l e n g e to c o a s t a l e n g i n e e r s i n m a i n t a i n i n g t h e s t r u c t u r a l s t a b i l i t y a n d 
p r o t e c t i n g the b e a c h e s a n d l a n d w a r d p r o p e r t i e s t h a t a r e s h e l t e r e d b y t h o s e 
c o a s t a l s t r u c t u r e s . 
1.1 Rationale 
1.1.1 Transformation of wave shapes over a coastal Structure 
T h e s e d i m e n t t r a n s p o r t i n f r on t o f a toe o f c o a s t a l s t r u c t u r e s c a n l e a d to 
severe toe s c o u r . Toe s c o u r c a n c o m p r o m i s e t h e s t r u c t u r a l s t a b i l i t y , a n d i s 
k n o w n a s one o f the m o s t c o m m o n c a u s e s o f f a i l u r e for c o a s t a l s t r u c t u r e s . 
T h e r e h a v e b e e n m a n y e v i d e n c e s i n d i c a t i n g t h a t t h e f a i l u r e of m a n y c o a s t a l 
s t r u c t u r e s w a s d u e to t h e toe e r o s i o n o f t h e s e s t r u c t u r e s ( S h i r a i s h i e t a l . , 
1 9 6 0 ; I c h i k a w a , 1 9 6 7 ; G u n b a k et a l . , 1 9 9 0 ; L i l l y c r o p a n d H u g h e s , 1 9 9 3 ; 
O u m e r a c i , 1 9 9 4 a , b). F o r e x a m p l e , I c h i k a w a (1967) s t u d i e d the c o l l a p s e o f 
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b r e a k w a t e r o f T a g o n o u r a H a r b o u r i n J a p a n . I ts f a i l u r e t o o k p l a c e i n 1 9 6 4 
w h e n t h e T y p h o o n N o . 2 4 h i t t h a t r e g i o n . The i n v e s t i g a t i o n f o u n d t h a t t h e 
b a s e o f t h e s t r u c t u r e h a d b e e n s c o u r e d to a d e p t h o f u p to 8 m e t e r s . M o r e 
r e c e n t l y , S i l v e s t e r a n d H s u (1997) h a v e p r o v i d e d a v a r i e t y o f e x a m p l e s o f the 
c o l l a p s e o f c o a s t a l s t r u c t u r e s d u e to toe s c o u r a r o u n d the w o r l d . I n g e n e r a l , 
t h e toe f a i l u r e o c c u r s b e c a u s e o f s c o u r a n d t h e c o l l a p s e o f t h e s t o n e s a t the 
toe i n t o t h e s a m e s c o u r ho l e . M a r k l e (1986) i n d i c a t e d t h a t a f te r m a j o r s t o r m s 
b e d d i n g l a y e r s s l o u g h off i n t o t h e s c o u r ho l e s , a n d t h i s d a m a g e m i g r a t e s 
b a c k to t h e toe o f t h e p r i m a r y a r m o u r . T h e r e s u l t i n g i n s t a b i l i t y o f a toe w i l l 
a l s o t r i g g e r o r a c c e l e r a t e t h e i n s t a b i l i t y o f the m a i n a r m o u r a n d t h e e v e n t u a l 
d e t e r i o r a t i o n o f t h e s t r u c t u r e s . R e c e n t l y , the a c c u m u l a t e d k n o w l e d g e a b o u t 
s c o u r i n g a r o u n d v a r i o u s c o a s t a l s t r u c t u r e s h a d b e e n r e v i e w e d b y S u m e r a n d 
F r e d s 0 e (2002 ) . S e d i m e n t t r a n s p o r t a l s o s i g n i f i c a n t l y a f fects t h e m o r p h o l o g y 
o f t h e b e a c h e s t h a t a r e s h e l t e r e d b y the c o a s t a l s t r u c t u r e s ( F i gure 1.1.1). 
T h i s w a s e x t e n s i v e l y s t u d i e d b y E P S R C f u n d e d r e s e a r c h p r o j e c t s L E A C O A S T 
(Ef fect o f s h o r e - p a r a l l e l b r e a k w a t e r s i n t i d a l c o n d i t i o n s o n c o a s t a l 
m o r p h o l o g y ) a n d L E A C O A S T 2 ( La rge r - s ca l e M o r p h o d y n a m i c I m p a c t s of 
S e g m e n t e d S h o r e - P a r a l l e l B r e a k w a t e r s o n C o a s t s a n d B e a c h e s ) . F o r e x a m p l e , 
P a n et a l . (2005 ) f o u n d t h a t d u r i n g s t o r m even ts , l a r ge b e a c h s l ope a n d w i d e 
g a p s b e t w e e n s a l i e n t a n d b r e a k w a t e r m a y be f o r m e d d u e to th e ef fects of 
s e d i m e n t t r a n s p o r t . J o h n s o n et a l . (2010) a l s o s h o w e d t h a t s e d i m e n t 
t r a n s p o r t r e s u l t s i n t h e t o m b o l o a t l o w t ide l e ve l a n d t h e s a l i e n t a t h i g h e r 
t i d e l e v e l s i n S e a P a l l i n g , N o r f o l k . F u r t h e r m o r e , t h e y h a v e a l s o n o t i c e d 
o b v i o u s b u l g e s i n t h e s h o r e l i n e p l a t f o r m a t E l m e r , W e s t S u s s e x a n d J a y w i c k , 
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E s s e x . 
Cot i i tesy of V a 
Figure 1.1.1 Beach changes in presence of coastal defences at Sea Palling, Norfolk 
A k e y p a r a m e t e r for c r o s s - s h o r e s e d i m e n t t r a n s p o r t u n d e r b r e a k i n g a n d 
n e a r - b r e a k i n g w a v e s i s t h e s h a p e o f w a v e s a n d a s s o c i a t e d n e a r - b e d o r b i t a l 
v e l oc i t y . C o r n i s h (1898) o b s e r v e d t h a t t h e o n s h o r e v e l o c i t y u n d e r w a v e c r e s t s 
w a s m o r e effective a t m o v i n g c o a r s e s e d i m e n t t h a n the s e a w a r d v e l o c i t y 
r e l a t e d to wave t r o u g h s . T h i s o b s e r v a t i o n w a s c o n s i s t e n t w i t h the t h e o r y o f 
S t o k e s (1847) : the o n s h o r e v e l o c i t y r e l a t e d to a wave c r e s t is l a r g e r a n d o f 
s h o r t e r d u r a t i o n t h a n the s e a w a r d v e l o c i t y a s s o c i a t e d w i t h a w a v e t r o u g h , 
a r i s i n g f r o m the s k e w e d wave s h a p e c h a r a c t e r i s e d b y p e a k e d c r e s t s a n d flat 
t r o u g h s . It i s g e n e r a l l y b e l i e v e d t h a t s k e w e d n e a r - b e d ve l oc i t i e s a r e d i r e c t l y 
r e l a t e d to the ne t s e d i m e n t t r a n s p o r t ( I n m a n a n d B a g n o l d , 1 9 6 3 ; B o w e n , 
1 9 8 0 ; B a i l a r d a n d I n m a n , 1 9 8 1 ; E l f r i n k et a l . , 1 9 9 9 ; D o e r i n g et a l . , 2 0 0 0 ; 
H a a s et a l . , 2 0 0 8 ; F u h r m a n et a l . , 2 0 0 9 ) . T h i s i s m a i n l y b e c a u s e the o n s h o r e 
v e l o c i t y r e l a t e d to a w a v e c r e s t i s l a r ge r , b u t o f s h o r t e r d u r a t i o n a n d 
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c o n s e q u e n t l y m o r e ef fect ive a t d i s l o d g i n g c o a r s e s e d i m e n t t h a n the s e a w a r d 
v e l o c i t y a s s o c i a t e d w i t h a w a v e t r o u g h . N i e l s e n (1992) i d e n t i f i e d th e 
i m p o r t a n c e o f f l u i d a c c e l e r a t i o n i n a s y m m e t r i c wave s . F o r a p i t c h i n g f o r w a r d 
w a v e , t h e o n s h o r e v e l o c i t y i n c r e a s e s i n m a g n i t u d e f as t e r t h a n the o f f shore 
v e l o c i t y , a n d t h e a s s o c i a t e d b o u n d a r y l aye r h a s a s h o r t e r t i m e to d eve l op . 
T h u s , t h e o n s h o r e v e l o c i t y g e n e r a t e s a t h i n n e r b o u n d a r y l a y e r a n d there fo re 
a l a r g e r b e d s h e a r s t r e s s . J a n s s e n et a l . (1997) c o n c l u d e d t h a t a n 
a s y m m e t r i c f r e e - s t r e a m f low c a n r e s u l t i n d i f f e rent s e t t l i n g s p e e d s of 
p a r t i c l e s d u r i n g i t s i n c r e a s i n g a n d d e c r e a s i n g p h a s e s . T h i s i s c o n c l u s i v e l y 
s u p p o r t e d b y n u m e r i c a l r e s u l t s o f D o n g a n d Z h a n g (2002) . F l o w a c c e l e r a t i o n 
i n a s y m m e t r i c w a v e s , w h i c h s e r v e s a s a p r o x y for h o r i z o n t a l p r e s s u r e 
g r a d i e n t i n t h e c o a s t a l b o t t o m b o u n d a r y l aye r , h a s s i g n i f i c a n t effect o n 
s e d i m e n t t r a n s p o r t ( D r a k e a n d C a l a n t o n i , 2 0 0 1 ; Hoe fe l a n d E l g a r , 2 0 0 3 ; 
N i e l s e n a n d C a l l a g h a n , 2 0 0 3 ; H s u a n d H a n e s , 2 0 0 4 ; N i e l s e n , 2 0 0 6 ; 
G o n z a l e z - R o d r i g u e z a n d M a d s e n , 2 0 0 7 ; A u s t i n et a l . , 2 0 0 9 ; R u e s s i n k et a l . , 
2 0 0 9 ; v a n d e r A et a l . , 2 0 1 0 ) . T h i s effect i s v a l i d a t e d w i t h U - t u b e 
e x p e r i m e n t s (e.g.. K i n g , 1990) a n d f i e ld m e a s u r e m e n t s i n th e s u r f z one 
( e . g . , G a l l a g h e r et a l . , 1998) a n d i n th e s w a s h (e .g . ,Puleo et a l . , 2 0 0 3 ) . 
T h e r e f o r e , t h e t r a n s f o r m a t i o n o f w a v e s h a p e s , r e l a t ed to s e d i m e n t t r a n s p o r t , 
i s b e l i e v e d to be i m p o r t a n t to s t r u c t u r a l s t a b i l i t y a n d to the m o r p h o l o g y of 
t h e b e a c h w h i c h i s s h e l t e r e d b y c o a s t a l s t r u c t u r e s . 
B e t t e r u n d e r s t a n d i n g o f the t r a n s f o r m a t i o n of wave s h a p e s over c o a s t a l 
s t r u c t u r e s i s c r u c i a l i n th e a s s e s s m e n t of f u n c t i o n a l i t y a n d s t a b i l i t y of 
c o a s t a l a n d f l ood de f ence s c h e m e s . It i s a l s o o f k e y i m p o r t a n c e to t h e 
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a p p l i c a t i o n a n d d e v e l o p m e n t o f p h y s i c a l l y - b a s e d m o d e l s o f s e d i m e n t 
t r a n s p o r t t h a t a i m to s i m u l a t e th e e v o l u t i o n o f c r o s s - s h o r e b e a c h p r o f i l e s . 
P r e v i o u s s t u d i e s , howeve r , h a v e m a i n l y b e e n o n wave t r a n s m i s s i o n , 
r e f l e c t i on a n d wave s p e c t r a l c h a n g e o ve r c o a s t a l s t r u c t u r e s (Van d e r M e e r et 
a l . , 2 0 0 0 ; V a n d e r M e e r et a l . , 2 0 0 5 ; W a n g et a l . , 2 0 0 7 ) , a n d the c r o s s - s h o r e 
e v o l u t i o n o f wav e s k e w n e s s a n d a s y m m e t r i e s o n the n a t u r a l b e a c h e s ( E l g a r 
a n d G u z a , 1 9 8 5 ; D o e r i n g a n d B o w e n , 1 9 9 5 ; H e r b e r s et a l . , 2 0 0 3 ) . W o r k o n 
wave ene r gy t r a n s f e r i n th e p r e s e n c e o f c o a s t a l s t r u c t u r e s o r s a n d y b a r s h a s 
a l s o b e e n d o n e b y p r e v i o u s r e s e a r c h e r s (e.g., B e j i a n d Ba t t j e s , 1 9 9 3 ; L o s a d a 
et a l . , 1 9 9 7 ; M a s s e l i n k , 1 9 9 8 ; B r o s s a r d a n d C h a g d a l i , 2 0 0 1 ; B r o s s a r d et a l . , 
2 0 0 9 ) . C u r r e n t l y , l i t e r a t u r e o n the t r a n s f o r m a t i o n o f wav e s k e w n e s s a n d 
a s y m m e t r y ove r c o a s t a l s t r u c t u r e s i s s p a r s e . A d i r e c t r e l a t i o n s h i p b e t w e e n 
wave s k e w n e s s , wave a s y m m e t r y a n d w a v e c o n d i t i o n s , s u c h a s th e r e l a t i v e 
w a t e r d e p t h a n d r e l a t i v e w a v e h e i g h t , w i l l e n a b l e e n g i n e e r s to a p p l y w a v e 
s k e w n e s s a n d a s y m m e t r y to s e d i m e n t t r a n s p o r t m o d e l s e a s i l y a n d 
a c c u r a t e l y . M o r e o v e r , i t w o u l d be h e l p f u l to l o o k a t t h e w h o l e p i c t u r e o f w a v e 
e v o l u t i o n , f r o m t h e i n c i d e n t s i d e , o v e r th e s t r u c t u r a l c r e s t to t h e 
t r a n s m i s s i o n s i d e o f c o a s t a l s t r u c t u r e s . T h i s w o r k h e l p s to e n h a n c e o u r 
u n d e r s t a n d i n g o f w a v e - s t r u c t u r e i n t e r a c t i o n s a n d p r o v i d e s a g u i d e l i n e i n 
d e s i g n i n g a n d a s s e s s i n g the f u n c t i o n a l i t y a n d s t a b i l i t y o f c o a s t a l a n d f l o od 
de fence s c h e m e s . 
I n t h i s t h e s i s , t h i r d m o m e n t s o f w a v e s u r f a c e e l e va t i ons , s u c h a s w a v e 
s k e w n e s s a n d a s y m m e t r y , a r e e m p l o y e d to d e s c r i b e wave s h a p e s . W a v e 
s k e w n e s s d e s c r i b e s the l a c k o f s y m m e t r y o f a w a v e pro f i l e r e l a t i v e to t h e 
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h o r i z o n t a l a x i s , a n d w a v e a s y m m e t r y d e s c r i b e s t h e l a c k o f s y m m e t r y o f a 
w a v e p ro f i l e r e l a t i v e to t h e v e r t i c a l a x i s . F o r e x a m p l e , a wave w i t h po s i t i v e 
s k e w n e s s h a s p e a k y , n a r r o w c r e s t s a n d f lat, w i d e t r o u g h s , w h i l e a w a v e w i t h 
p o s i t i v e a s y m m e t r y h a s a p i t c h b a c k w a r d s h a p e , w i t h a s teep r e a r face a n d a 
g e n t l e f r o n t a l face ( F i gu r e 1.1.2). 
t (s) 
Figure 1.1.2 Deflnition of skewed wave and asymmetric wave, solid line: positive 
skewed wave, dashed line: positive asymmetric wave, i) is the time series of surface 
elevations and t is t ime. 
1.1.2 Wave overtopping and its landward distribution 
It h a s l o n g b e e n r e c o g n i z e d t h a t the e r o s i o n d u e to w a v e o v e r t o p p i n g i s 
a n o t h e r o n e o f t h e p o s s i b l e m e c h a n i s m s o f s t r u c t u r a l f a i l u r e . F o r e x a m p l e , 
F i g u r e 1.1.3 s h o w s a s e c t i o n o f t h e t a r m a c p r o m e n a d e b a c k i n g t h e d a m a g e d 
s e a w a l l s e c t i o n t h a t c o l l a p s e d a t N e w l y n d u e to wave o v e r t o p p i n g d u r i n g a 
s t o r m i n O c t o b e r 2 0 0 4 . T h e d a m a g e i s p r o b a b l y d u e to the o v e r t o p p i n g 
d o w n f a l l a n d t h e l o s s of f i l l f r o m b e n e a t h / b e h i n d t h e w a l l . F i g u r e 1.1.4 
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s h o w s a s e a d i k e f a i l u r e d u e to w a v e o v e r t o p p i n g i n a s t o r m . T h i s f a i l u r e 
m a y be d u e to the e r o s i o n s o f t h e c l a y s b y th e o v e r t o p p i n g f low. M i n i k i n 
(1950) a l s o p r o v i d e d a d e s c r i p t i o n o f the s e a w a r d c o l l a p s e of t h e M u s t a p h a 
b r e a k w a t e r d u e to wave o v e r t o p p i n g i n a severe s t o r m i n A l g e r i a i n 1 9 3 4 . 
Figure 1.1.3 Newlyn: Damage to Figure 1.1.4 the failure of a sea dike 
promenade due to wave overtopping due to wave overtopping (photo: Zitscher, 
(Source: Cornwall City Council) 1976) 
W a v e o v e r t o p p i n g o ve r c o a s t a l s t r u c t u r e s s i g n i f i c a n t l y a f fec ts 
m o r p h o l o g i c a l c h a n g e s o f t h e b e a c h e s s h e l t e r e d b y c o a s t a l s t r u c t u r e s . D u et 
a l . (2010) f o u n d t h a t w a v e o v e r t o p p i n g a l t e r s t h e c u r r e n t c i r c u l a t i o n a n d 
s e d i m e n t t r a n s p o r t p a t t e r n s u n d e r s t o r m s a n d m a c r o - t i d e c o n d i t i o n s , 
c o n s e q u e n t l y l e a d i n g to t h e f o r m a t i o n o f t o m b o l o s a n d s a l i e n t s . W a v e 
o v e r t o p p i n g c a n a l s o c a u s e d a m a g e s to the p r o p e r t i e s l a n d w a r d o f t h e 
c o a s t a l s t r u c t u r e s . T h e l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r 
d e t e r m i n e s the r i s k o f d a m a g e s a n d se t s r e s t r i c t i o n s o n the u s e o f a r e a s 
b e h i n d the c o a s t a l d e f ences . It u l t i m a t e l y a f fects the p l a c e m e n t o f r o a d s , 
w a l k w a y s , r a i l w a y s , b u i l d i n g s a n d o t h e r i n f r a s t r u c t u r e (F i gure 1.1.5). A l o n g 
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d e v e l o p e d c o a s t s , t h e sa fe ty o f p eop l e u s i n g the c o a s t l i n e i s o f p a r t i c u l a r 
c o n c e r n . I n t h e U K , th e sa f e t y i s s u e of d e v e l o p e d c o a s t s i s o f p a r t i c u l a r 
c o n c e r n . A c c o r d i n g to s t a t i s t i c s , a p p r o x i m a t e l y two to f o u r p eop l e d i e every 
y e a r b e c a u s e o f a c c i d e n t s h a p p e n i n g a t s e a w a l l s , b r e a k w a t e r s , n a t u r a l r o c k 
o u t c r o p s o r b e a c h e s ( A l l s op et a l . , 2 0 0 3 ) . E v i d e n c e o f d a m a g e s to p r o p e r t i e s 
b e h i n d c o a s t a l s t r u c t u r e s d u e to w a v e o v e r t o p p i n g , w a s m o s t g r a p h i c a l l y 
g i v e n b y t h e t r a i n l o a d o f p i g i r o n w a s h e d off D o v e r E a s t B r e a k w a t e r i n the 
1 9 4 0 s a n d b y t h e d e s t r u c t i o n o f s e a f r o n t s h e l t e r s a t S i d m o u t h i n 1 9 9 2 
( A l l s o p et a l . , 2 0 0 5 ) . 
Figure 1.1.5 Severe wave overtopping at Samphire Hoe sea wall (photo courtesy of 
WCCP/Eurotunne l Developments Ltd) 
T h e p u r p o s e o f a c o a s t a l o r s h o r e l i n e s t r u c t u r e i s to r e d u c e the f r e q u e n c y 
a n d s e v e r i t y o f w a v e o v e r t o p p i n g , a n d h e n c e the r i s k s o r e x t e n t o f f l o od ing . 
T h e U K g o v e r n m e n t s p e n d s a p p r o x i m a t e l y £100 m i l l i o n p e r a n n u m o n n e w 
o r r e f u r b i s h e d c o a s t a l d e f ences ( A l l s op et a l . , 2 0 0 5 ) . A n i m p o r t a n t c r i t e r i o n 
for t h e d e s i g n o f a s e a w a l l i s t h e a l l o w a b l e degree o f w a v e o v e r t o p p i n g . 
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w h i c h d e p e n d s o n t h e a c t i v i t i e s n o r m a l l y p e r f o r m e d o n the l e e s ide o f t h e 
s t r u c t u r e , t h e n e e d to p r e v e n t e r o s i o n o f t he r e a r face o f the s e a w a l l , a n d 
the e c o n o m i c c o n s e q u e n c e s o f f l o o d i n g (Hedges a n d R e i s , 1998 ) . A m e a n 
o v e r t o p p i n g d i s c h a r g e s m a l l e r t h a n 0 . 0 3 1/s/m is r e c o m m e n d e d for t h e 
sa fe ty o f the p u b l i c c l o se b e h i n d a s e a w a l l (Bese ley , 1 9 9 9 ; A l l s o p et a l . , 2 0 0 3 ) . 
To a ch i e v e t h i s l o w l eve l o f o v e r t o p p i n g r e q u i r e s s i g n i f i c a n t c o n f i d e n c e i n t h e 
a n a l y s i s o f t h e o v e r t o p p i n g c h a r a c t e r i s t i c s o f u r b a n s e a w a l l s . M a n y c o a s t a l 
e n g i n e e r s a n d s c i e n t i s t s h a v e d e d i c a t e d g r ea t e f forts to i n v e s t i g a t i n g w a v e 
o v e r t o p p i n g ( J e n s e n a n d S o r e n s e n , 1 9 7 9 ; S c h u t t r u m p f a n d O u m e r a c i , 2 0 0 5 ; 
P u l l e n et a l . , 2 0 0 8 ; H u g h e s a n d N a d a l , 2 0 0 9 ; L y k k e A n d e r s e n a n d 
B u r c h a r t h , 2 0 0 9 ; v a n d e r M e e r et a l . , 2 0 0 9 ) . M o s t o f the e x i s t i n g r e s e a r c h 
h a s b e e n d i r e c t e d t o w a r d s the e v a l u a t i o n o f t h e m e a n o v e r t o p p i n g d i s c h a r g e . 
Howeve r , average o v e r t o p p i n g d i s c h a r g e i s a p p a r e n t l y n o t a n a p p r o p r i a t e 
p a r a m e t e r for d e s c r i b i n g the o v e r t o p p i n g f low a w a y f r o m the o v e r t o p p i n g 
p o i n t ( S c h u t t r u m p f a n d O u m e r a c i , 2 0 0 5 ) a n d t h e l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r ( E u r O t o p , 2 0 0 8 ) . M o r e o v e r , b e t t e r 
u n d e r s t a n d i n g o f the s p a t i a l d i s t r i b u t i o n o f wave o v e r t o p p i n g w a t e r i s o f k e y 
i m p o r t a n c e to the d e s i g n o f t h e s e a de f ences a n d t h e p l a c e m e n t o f r o a d s , 
w a l k w a y s , r a i l w a y s , b u i l d i n g s a n d o t h e r i n f r a s t r u c t u r e , even t h e sa f e ty o f 
peop l e . It i s a n t i c i p a t e d t h a t t h e s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r i s 
r e l a t e d to f low d e p t h a n d f l ow v e l o c i t i e s . The r e f o r e , r e s e a r c h e s h a v e b e e n 
c a r r i e d o u t r e c e n t l y to i n v e s t i g a t e the o v e r t o p p i n g f low ve l o c i t i e s a n d t h e 
r e l a t e d f low d e p t h o n the s e a w a r d s l ope , the d i k e c r e s t a n d the l a n d w a r d 
s l ope ( S c h u t t r u m p f a n d v a n G e n t , 2 0 0 3 ; S c h u t t r u m p f a n d O u m e r a c i , 2 0 0 5 ) . 
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P r e l i m i n a r y s t u d i e s o n the s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r o n a 
v e r t i c a l w a l l ( J e n s e n a n d S o r e n s e n , 1 9 7 9 ; B r u c e e t a l . , 2 0 0 5 ; P u l l e n et a l . , 
2 0 0 8 ) a n d p e r m e a b l e s t r u c t u r e s w i t h a s e a w a r d s l ope o f 1:2 ( L y k k e 
A n d e r s e n a n d B u r c h a r t h , 2 0 0 6 ; L y k k e A n d e r s e n et a l . , 2 0 0 7 ; E u r O t o p , 2 0 0 8 ) 
h a v e b e e n d o n e b a s e d o n e x p e r i m e n t a l d a t a . 
P r e v i o u s s t u d i e s d e p e n d m a i n l y o n l i m i t e d e x p e r i m e n t a l d a t a , w h i c h i s 
a l s o r e s t r i c t e d to l o w d a t a r e s o l u t i o n o f t h e s p a t i a l d i s t r i b u t i o n , a few 
g e o m e t r i e s a n d a s m a l l a m o u n t o f w a v e c o n d i t i o n s . A s a r e s u l t t h e r e i s l i t t l e 
g u i d a n c e o n h o w to p a r a m e t e r i z e t h e l a n d w a r d s p a t i a l d i s t r i b u t i o n of 
o v e r t o p p i n g w a t e r a c r o s s c o a s t a l s t r u c t u r e s . A be t t e r u n d e r s t a n d i n g of 
s p a t i a l d i s t r i b u t i o n o f w a v e o v e r t o p p i n g d i s c h a r g e w i l l e n a b l e e n g i n e e r s to 
e s t a b l i s h t h e l o c a t i o n a n d a r e a o f h a z a r d o u s z o n e s b e h i n d a s t r u c t u r e w h e n 
o v e r t o p p i n g i s a n t i c i p a t e d . The r e f o r e , i t i s of i m p o r t a n c e to u n d e r s t a n d t h e 
ef fects o f w a v e c o n d i t i o n s a n d s t r u c t u r a l g e o m e t r i e s o n the s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r , a s w e l l a s the p h y s i c s b e h i n d the l a n d w a r d 
s p a t i a l d i s t r i b u t i o n . F o r e x a m p l e , t h e g o v e r n i n g p a r a m e t e r s i n v o l v e d i n 
l a n d w a r d s p a t i a l d i s t r i b u t i o n a n d the t ra j ec to ry o f o v e r t o p p i n g w a t e r . 
1.1.3 Links between wave shapes and overtopping 
A s m e n t i o n e d a b o v e , t h e t r a n s f o r m a t i o n o f w a v e s h a p e s d i r e c t l y a f fects 
t h e s e d i m e n t t r a n s p o r t a r o u n d c o a s t a l s t r u c t u r e s . It c o n s e q u e n t l y l e a d s to 
s i g n i f i c a n t s c o u r i n f r on t o f t h e toe o f the c o a s t a l s t r u c t u r e s , a n d af fects 
m o r p h o l o g i c a l c h a n g e s to t h e b e a c h e s b e h i n d the c o a s t a l s t r u c t u r e . O n t h e 
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Other h a n d , the l a n d w a r d s p a t i a l d i s t r i b u t i o n o f wave o v e r t o p p i n g 
d e t e r m i n e s t h e r i s k o f d a m a g e s to l a n d w a r d p r o p e r t i e s a n d i s the re f o r e 
c r u c i a l i n t h e a s s e s s m e n t o f s t r u c t u r a l f u n c t i o n a l i t y . W a v e o v e r t o p p i n g a l s o 
b r i n g s e r o s i o n o n the l a n d w a r d s i d e , o c c a s i o n a l l y r e s u l t i n g i n the s t r u c t u r e 
f a i l u r e . T h u s , b o t h the t r a n s f o r m a t i o n o f w a v e s h a p e s a n d l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r a r e c r u c i a l i n t h e a s s e s s m e n t o f 
f u n c t i o n a l i t y a n d s t a b i l i t y o f c o a s t a l a n d f l ood de fence s c h e m e s . I n a d d i t i o n , 
E l g a r a n d G u z a (1985) , D o e r i n g a n d B o w e n (1995) a n d R u e s s i n k (1998) 
c o n c l u d e d t h a t the t r a n s f o r m a t i o n o f w a v e s h a p e s a r i s e s f r o m n o n l i n e a r 
t r i a d i n t e r a c t i o n s i n w h i c h two p r i m a r y wa ve c o m p o n e n t s w i t h f r e q u e n c i e s f i 
a n d f2 exc i t e a s e c o n d a r y wave c o m p o n e n t w i t h the s u m (fi+f2) o r d i f f e r ence 
(fi-f2, fi>f2) f r e q u e n c y . T h e i n c i d e n t w a v e s a n d t h e n o n l i n e a r l y e x c i t e d h i g h e r 
f r e q u e n c y w a v e s a r e p r e d o m i n a n t l y d i s s i p a t e d a r o u n d the c o a s t a l s t r u c t u r e s . 
T h e n o n l i n e a r l y e x c i t e d l owe r f r e q u e n c y ( in f ra-grav i ty ) w a v e c o m p o n e n t s a r e 
re f l ec ted f r o m the s t r u c t u r e a n d o f t en d o m i n a t e wa ve r u n - u p a t the s e a w a r d 
s l ope o f c o a s t a l s t r u c t u r e s . O n c e t h e h i g h e s t r u n - u p leve ls e x c e e d t h e 
s t r u c t u r e c r o w n , wave o v e r t o p p i n g o c c u r s . 
1.1.4 Present approaches and methodologies 
L o w - C r e s t e d S t r u c t u r e s (he r e ina f t e r L C S ) a r e i n c r e a s i n g l y b e i n g u s e d to 
m a n a g e c o a s t a l e r o s i o n g l o b a l l y b e c a u s e t h e y a r e e c o n o m i c a l a n d t h e r e i s n o 
v i s u a l i m p a c t to c o a s t a l l a n d s c a p e . T h e ob jec t i ve of t h e E u r o p e a n p ro j e c t 
D E L O S ( ' E n v i r o n m e n t a l D e s i g n o f L o w C r e s t e d C o a s t a l De f ence S t r u c t u r e s ' , 
w w w . d e l o s . u n i b o . i t ) i s to d e v e l op ef fect ive a n d e n v i r o n m e n t a l l y c o m p a t i b l e 
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d e s i g n o f L C S a s a m e t h o d o f s h o r e l i n e de fence w h i c h a l s o p r e s e r v e d the 
l i t t o r a l e n v i r o n m e n t (e.g. p r e v e n t h i g h - e n e r g y w a v e a c t i o n a n d i n t e r m i t t e n t 
p e r i o d s o f f l o o d i n g w i t h i n the r e g i o n o r zone b e t w e e n the l i m i t s o f h i g h a n d 
l o w t ides ) a n d c o a s t e c o n o m i c d e v e l o p m e n t . A n e w d a t a b a s e , m a d e u p of 
2 3 3 7 t e s t s , c o n c e r n i n g e x p e r i m e n t s o n wave t r a n s m i s s i o n over l o w - c r e s t e d 
s t r u c t u r e s i n w a v e flumes h a s b e e n c o l l e c t ed w i t h i n the D E L O S p ro j e c t by 
V a n d e r M e e r et a l . ( 2005 ) . O n t h e o t h e r h a n d . T h e E U pro j e c t C L A S H ( 'Crest 
L e v e l A s s e s s m e n t o f c o a s t a l S t r u c t u r e s by f u l l s ca l e m o n i t o r i n g , n e u r a l 
n e t w o r k p r e d i c t i o n a n d h a z a r d a n a l y s i s o n p e r m i s s i b l e wave o v e r t o p p i n g ' , 
w w w . c l a s h . u g e n t . b e ) a i m s to p r o d u c e p r a c t i c a l p r e d i c t i o n m e t h o d s o n the 
r e q u i r e d c r e s t h e i g h t o f m o s t c o a s t a l s t r u c t u r e t ypes , b a s e d o n p e r m i s s i b l e 
w a v e o v e r t o p p i n g a n d h a z a r d a n a l y s i s . A d a t a b a s e o n wave o v e r t o p p i n g , 
c o n s i s t i n g o f m o r e t h a n 1 0 , 0 0 0 i r r e g u l a r wave o v e r t o p p i n g t e s t s c o l l e c t e d 
f r o m m o r e t h a n 1 6 0 i n d e p e n d e n t p r o j e c t s or t es t s e r i e s , w a s c r e a t e d i n th e 
E U p r o j e c t C L A S H b y v a n d e r M e e r et a l . ( 2009 ) . T h e s e two d a t a b a s e s i n 
w a v e t r a n s f o r m a t i o n a n d w a v e o v e r t o p p i n g ove r c o a s t a l s t r u c t u r e s a r e s ta t e 
o f t h e a r t a n d b o t h a v a i l a b l e to be d o w n l o a d e d . There f o re , a p a r t o f two 
d a t a b a s e s i s u s e d i n t h i s s t u d y to e xp l o r e th e u n d e r l y i n g p h y s i c s o f t h e 
t r a n s f o r m a t i o n o f w a v e a s y m m e t r i e s ove r c o a s t a l s t r u c t u r e s a n d v a l i d a t e t h e 
n u m e r i c a l r e s u l t s o f w a v e t r a n s f o r m a t i o n a n d w a v e o v e r t o p p i n g . 
R a t h e r t h a n l a b o r a t o r y e x p e r i m e n t s or field m e a s u r e m e n t s o f wave -
s t r u c t u r e i n t e r a c t i o n s c o v e r i n g a l i m i t e d n u m b e r of s e t u p s a n d d e v i c e s , a 
n u m e r i c a l m o d e l p r o v i d e s a m e a n s to o b t a i n h i g h s p a t i a l a n d t i m e r e s o l u t i o n 
i n f o r m a t i o n o f m a g n i t u d e s w h i c h a r e d i f f i cu l t o r i m p o s s i b l e to m e a s u r e i n a 
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p h y s i c a l e x p e r i m e n t a n d there fo re i s a p o p u l a r m e t h o d for i n v e s t i g a t i n g 
w a v e - s t r u c t u r e i n t e r a c t i o n s . L i n a n d L i u (1998) d e v e l o p e d a n u m e r i c a l m o d e l 
b a s e d o n the R e y n o l d s A v e r a g e d N a v i e r - S t o k e s (RANS ) e q u a t i o n s a n d 
V o l u m e of F l u i d (VOF) s u r f a c e c a p t u r i n g s c h e m e (here ina f t e r R A N S - V O F ) . 
T h e R A N S - V O F m o d e l so l ves th e R e y n o l d s A v e r a g e d N a v i e r - S t o k e s e q u a t i o n 
for the m e a n f low field a n d the n o n l i n e a r k - e e q u a t i o n s for t h e t u r b u l e n t 
k i n e t i c energy , k , a n d the t u r b u l e n c e d i s s i p a t i o n ra t e , e. T h e V o l u m e o f F l u i d 
m e t h o d i s e m p l o y e d to c a p t u r e the free s u r f a c e . I n c o n t r a s t w i t h B o u s s i n e s q 
m o d e l a n d N o n l i n e a r S h a l l o w W a t e r E q u a t i o n m o d e l s , the R A N S - V O F m o d e l 
i s a b l e to d e s c r i b e th e c o m p l e x free s u r f a c e , a s w e l l a s n e a r s h o r e w a v e -
s t r u c t u r e i n t e r a c t i o n s w i t h o u t a s s u m i n g h y d r o s t a t i c p r e s s u r e ( p r e s s u r e 
e x e r t ed b y a fluid a t e q u i l i b r i u m d u e to th e force o f grav i ty ) . It a l l o w s the 
c a l c u l a t i o n o f t h e v e l o c i t y field i n th e w h o l e c o m p u t a t i o n a l d o m a i n for b o t h 
r o t a t i o n a l a n d i r r o t a t i o n a l flow. T h i s m o d e l a l s o t a k e s i n t o a c c o u n t 
m e c h a n i s m s o f t u r b u l e n c e g e n e r a t i o n / d i s s i p a t i o n i n t h e w a v e b r e a k i n g 
p r o c e s s b y e m p l o y i n g m o r e a d v a n c e d t u r b u l e n c e m o d e l s , s u c h a s n o n l i n e a r 
k -e m o d e l . It a l s o h a s the a d v a n t a g e o f b e i n g a b l e to s i m u l a t e t h e flow i n s i d e 
p o r o u s s t r u c t u r e s a n d r e q u i r e s l e s s c o m p u t a t i o n a l r e s o u r c e s c o m p a r e d w i t h 
the 3 D L a r g e E d d y S i m u l a t i o n m o d e l a n d P a r t i c l e m e t h o d m o d e l s . A s a 
r e s u l t , t h e R A N S - V O F m o d e l i s e m p l o y e d i n th e p r e s e n t w o r k . 
S e v e r a l i m p r o v e m e n t s to t h e R A N S - V O F m o d e l a r e n e e d e d i n o r d e r to 
o b t a i n m o r e a c c u r a t e r e s u l t s o f wav e t r a n s f o r m a t i o n s a n d to s i m u l a t e w a v e 
o v e r t o p p i n g . F i r s t l y , the p i e c e w i s e c o n s t a n t i n t e r f a c e a l g o r i t h m of V O F 
m e t h o d , w h i c h w a s o r i g i n a l l y d e v e l o p e d b y H i r t a n d N i c h o s (1981 ) , a l w a y s 
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o r i e n t a t e s free s u r f a c e i n t e r f a c e s p a r a l l e l to h o r i z o n t a l o r v e r t i c a l b o u n d a r y 
o f c e l l s . T h i s m e t h o d c a n n o t o b t a i n the a c c u r a t e l o c a t i o n s o f s u r f a c e 
i n t e r f a c e s i f m e s h l e v e l i s n o t f ine e n o u g h . A p i e c e w i s e l i n e a r i n t e r f a c e 
c a l c u l a t i o n (PLIC) r e c o n s t r u c t i o n a l g o r i t h m , d e v e l o p e d b y Y o u n g s (1982) , w i l l 
b e e m p l o y e d i n t h i s s t u d y . T h i s a l g o r i t h m c a n o r i e n t a t e free s u r f a c e 
i n t e r f a c e s i n a d i r e c t i o n p e r p e n d i c u l a r to the l o c a l l y e v a l u a t e d V O F g r a d i e n t , 
t h u s g i v i n g a m o r e a c c u r a t e c a p t u r i n g o f t h e free s u r f a c e . S e c o n d l y , t h e 
o v e r t o p p i n g a n d t r a n s m i s s i o n g ive r i s e to a p i l i n g - u p o f w a t e r i n the l e e s ide 
r e g i o n o f t h e s t r u c t u r e i f t h e w a t e r i s i r r e v e r s i b l e . I n th e e x p e r i m e n t s o f 
D E L O S p r o j e c t a n d r e a l c a s e s o f s h o r e p r o t e c t e d b y c o a s t a l s t r u c t u r e s , t h i s 
p i l l i n g - u p o f w a t e r i s n o t o b s e r v e d , a s the p o t e n t i a l p i l i n g - u p b e h i n d t h e 
b r e a k w a t e r i s r e l i e v e d b y a c i r c u l a t i o n s y s t e m a n d t h r o u g h the s i d e s o f t h e 
b r e a k w a t e r r e s p e c t i v e l y . I n g e n e r a l , t h e p i l i n g - u p o f w a t e r w i l l l e a d to 
i n a c c u r a t e s u r f a c e e l e v a t i o n s a n d f l ow c o n d i t i o n s o n the t r a n s m i s s i o n s i d e 
a n d e v e n p e r t u r b t h e wave b r e a k i n g p r o c e s s o n the s t r u c t u r e b y f o r c i n g a 
s t r o n g r e t u r n f l ow o v e r the s t r u c t u r e ( G a r c i a et a l . , 2 0 0 4 ) . The re f o r e , a flow 
r e c i r c u l a t i o n s y s t e m w i l l b e b u i l t i n o r d e r to a v o i d th e fluid p i l i n g - u p i n t h e 
l e e s i d e o f t h e b r e a k w a t e r ( D i s k i n et a l . , 1 9 7 0 ; G a r c i a et a l . , 2 0 0 4 ) . F i n a l l y , 
t h e R A N S - V O F m o d e l c a l c u l a t e s w a v e t r a n s f o r m a t i o n ove r c o a s t a l s t r u c t u r e s , 
b u t t h e r e i s n o m o d u l e d e a l i n g w i t h t h e wave o v e r t o p p i n g d i s c h a r g e a n d i t s 
s p a t i a l d i s t r i b u t i o n . W i t h i n a s m a l l c o m p u t a t i o n a l d o m a i n , t h e c u m u l a t i v e 
o v e r t o p p i n g m a s s w i l l l e a d to t h e i n s t a b i l i t y o f n u m e r i c a l s i m u l a t i o n s d u e to 
t h e n o n - c o n s e r v e d m a s s i n f r on t o f o v e r t o p p i n g s t r u c t u r e s . The re f o r e , n e w 
m o d u l e s w i l l be d e v e l o p e d i n t o t h e R A N S - V O F m o d e l to c a l c u l a t e w a v e 
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o v e r t o p p i n g d i s c h a r g e , to r e c i r c u l a t e o v e r t o p p i n g w^ater b a c k to th e i n c i d e n t 
s ide o f s t r u c t u r e , a n d to e v a l u a t e th e l a n d w a r d s p a t i a l d i s t r i b u t i o n o f 
o v e r t o p p i n g w a t e r . T h e s e i m p r o v e m e n t s w i l l be d o n e before a p p l y i n g t h e 
R A N S - V O F m o d e l to t h e t r a n s f o r m a t i o n o f wav e s h a p e s a n d to t h e l a n d w a r d 
s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r o v e r c o a s t a l s t r u c t u r e s . 
1.2 Aims and Objectives 
T h e a i m of t h i s w o r k i s to u n d e r s t a n d the t r a n s f o r m a t i o n o f w a v e s h a p e s 
a n d l a n d w a r d s p a t i a l d i s t r i b u t i o n o f w a v e - o v e r t o p p i n g w a t e r i n t h e p r e s e n c e 
o f c o a s t a l s t r u c t u r e s . 
In p a r t i c u l a r t h e ob j ec t i ves o f t h i s w o r k a r e to: 
• p a r a m e t e r i z e t h e r e l a t i o n s h i p b e t w e e n w a v e a s y m m e t r i e s a n d l o c a l 
wave c o n d i t i o n s , 
• m o d e l t h e e v o l u t i o n o f wav e a s y m m e t r i e s o ve r c o a s t a l s t r u c t u r e s , a n d 
e x a m i n e the c o n t r i b u t i o n o f w a v e c o n d i t i o n s a n d g e o m e t r i e s to t h e 
e v o l u t i o n , 
• i n t e r p r e t t h e u n d e r l y i n g p h y s i c s o f the t r a n s f o r m a t i o n o f w a v e 
a s y m m e t r i e s ove r c o a s t a l s t r u c t u r e s , 
• i n v es t i ga t e s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r b e h i n d 
i m p e r m e a b l e c o a s t a l s t r u c t u r e s , p a y i n g s p e c i a l a t t e n t i o n to th e e f fects 
o f w av e c o n d i t i o n s , s t r u c t u r a l g e o m e t r i e s , a n d l a n d w a r d g r o u n d l e ve l 
o n s p a t i a l d i s t r i b u t i o n o f w a v e - o v e r t o p p i n g w a t e r . 
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• i m p r o v e t h e R A N S - V O F m o d e l a n d v a l i d a t e d the n u m e r i c a l r e s u l t s b y 
m e a s u r e m e n t s , 
T h e o r g a n i z a t i o n o f t h i s t h e s i s i s a s f o l l ows : Chap t e r 2 p r e s e n t s a 
c o m p a r i s o n o f p o t e n t i a l n u m e r i c a l m o d e l s i n s i m u l a t i n g w a v e - s t r u c t u r e 
i n t e r a c t i o n s , a d e s c r i p t i o n o f the R A N S - V O F m o d e l a n d m o d e l i m p r o v e m e n t s 
for t h e p r e s e n t w o r k . C h a p t e r 3 g ives the p a r a m e t e r i z a t i o n a n d 
t r a n s f o r m a t i o n o f w a v e a s y m m e t r i e s ove r Lx jw-Cres t ed S t r u c t u r e s b a s e d o n 
m e a s u r e m e n t s . C h a p t e r 4 p r e s e n t s n u m e r i c a l s i m u l a t i o n s a n d 
i n t e r p r e t a t i o n s o f t h e e v o l u t i o n o f w a v e a s y m m e t r i e s o ve r L o w - C r e s t e d 
S t r u c t u r e s , p a y i n g s p e c i a l a t t e n t i o n to the a r e a above the s t r u c t u r e . T h e 
u n d e r l y i n g p h y s i c s i s a l s o g i v e n a t t h e e n d . Chapte r 5 i n v e s t i g a t e s l a n d w a r d 
s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r u s i n g the R A N S - V O F m o d e l , a l o n g 
w i t h a s e m i - a n a l y t i c a l m o d e l a n d p a r a m e t e r a n a l y s i s o f n u m e r i c a l r e s u l t s . 
C h a p t e r 6 s u m m a r i z e s c o n c l u s i o n s a n d f u t u r e p o i n t s o f i n v e s t i g a t i o n t h a t 
h a v e b e e n i d e n t i f i e d t h r o u g h the d e v e l o p m e n t o f t h i s s t u d y . 
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CHAPTER 2 
NUMERICAL MODEL 
In t h i s c h a p t e r , t h e c o m p a r i s o n o f s o m e p o t e n t i a l n u m e r i c a l m o d e l s i n 
s i m u l a t i n g w a v e - s t r u c t u r e i n t e r a c t i o n s i s p r e s e n t e d , a l o n g w i t h t h e 
j u s t i f i c a t i o n o f s e l e c t i n g R A N S - V O F m o d e l i n t h i s s t u d y . It is t h e n f o l l o w e d 
b y a b r i e f d e s c r i p t i o n o f t h e s e l e c t ed R A N S - V O F m o d e l . S o m e m o d e l 
i m p r o v e m e n t s t h a t h a v e b e e n d o n e d u r i n g t h i s w o r k a r e i n t r o d u c e d a t t h e 
e n d o f t h i s c h a p t e r . 
2.1 Introduction 
S i n c e a n a c c u r a t e d e s c r i p t i o n o f w a v e t r a n s f o r m a t i o n p r o c e s s e s i s 
n e c e s s a r y to a s s e s s c o r r e c t l y t h e p e r f o r m a n c e o f L C S , a se r i e s o f p r e v i o u s 
s t u d i e s h a v e let to a d e e p e r k n o w l e d g e o f w a v e - s t r u c t u r e i n t e r a c t i o n , b a s e d 
o n e x p e r i m e n t a l a n d n u m e r i c a l i n v e s t i g a t i o n . E x p e r i m e n t a l s t u d y m a i n l y 
f o c u s e d o n the wave t r a n s m i s s i o n , w a v e r e f l e c t i on a n d energy d i s s i p a t i o n 
(e.g. See l i g , 1 9 8 0 ; S e a b r o o k a n d H a l l , 1 9 9 8 ; S a k a k i y a m a a n d L i u , 2 0 0 1 ; 
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K r a m e r et a l . , 2 0 0 5 ; V a n d e r M e e r et a l . , 2 0 0 5 ) . H o w e v e r , e x p e r i m e n t a l 
i n v e s t i g a t i o n s o n w a v e - s t r u c t u r e i n t e r a c t i o n s have two m a i n d i s a d v a n t a g e s : 
f i r s t , t h e i m p e r f e c t i o n o f e x p e r i m e n t a l s e t u p s a n d de v i c e l i m i t a t i o n s ; s e c o n d , 
s m a l l - s c a l e e x p e r i m e n t s a r e i n f l u e n c e d b y s ca l e e f fects, l a r g e - s c a l e m o d e l s 
a r e e x p e n s i v e to be b u i l t . A s a c o n s e q u e n c e , n u m e r i c a l m o d e l l i n g h a s g a i n e d 
g r e a t p o p u l a r i t y i n r e c e n t d e c a d e s for s t u d y i n g the w a v e - s t r u c t u r e 
i n t e r a c t i o n . It p r o v i d e s a m e a n s to o b t a i n i n f o r m a t i o n o f m a g n i t u d e s i n a 
h i g h s p a t i a l a n d t i m e r e s o l u t i o n , a s w e l l a s th e f l e x i b i l i t y i n s e t u p s o f 
n u m e r i c a l s i m u l a t i o n s . 
T h e t r a d i t i o n a l n u m e r i c a l m o d e l i s n o n l i n e a r s h a l l o w w a t e r e q u a t i o n 
( N L S W E ) m o d e l , w h i c h i s d e r i v e d f r o m the N a v i e r - S t o k e s e q u a t i o n s w i t h t h e 
a s s u m p t i o n s o f h y d r o s t a t i c p r e s s u r e d i s t r i b u t i o n , a d e p t h - u n i f o r m v e l o c i t y 
p r o f i l e a n d n e g l i g i b l e v e r t i c a l a c c e l e r a t i o n s . K o b a y a s h i et a l . (1987) e m p l o y e d 
i t to s t u d y w a v e r u n - u p a n d r e f l e c t i o n f r o m s t r u c t u r e s , b u t o n l y for 
i m p e r m e a b l e b o u n d a r i e s . K o b a y a s h i a n d W u r j a n t o (1989) t h e n i n v e s t i g a t e d 
t h e n o r m a l l y i n c i d e n t i r r e g u l a r w a v e s o n a r o u g h p e r m e a b l e s l ope a n d w i t h i n 
a t h i n p e r m e a b l e u n d e r - l a y e r . It w a s e x t e n d e d to i r r e g u l a r w a v e s i n t e r a c t i n g 
w i t h t h i c k p e r m e a b l e u n d e r - l a y e r s b y K o b a y a s h i a n d W u r j a n t o (1990) . 
N u m e r i c a l R e s u l t s w e r e v a l i d a t e d b y C o x et a l . (1994) w i t h the s w a s h z o n e 
m e a s u r e m e n t s o f i r r e g u l a r w a v e s f r o m the S U P E R T A N K L a b o r a t o r y D a t a 
C o l l e c t i o n . V a n G e n t (1994) a p p l i e d the n o n l i n e a r s h a l l o w w a t e r e q u a t i o n 
m o d e l to w a v e m o t i o n i n s i d e t h e p e r m e a b l e s t r u c t u r e s . S a t i s f a c t o r y r e s u l t s 
w e r e o b t a i n e d for m o d e l l i n g s u r f a c e e l e v a t i ons a n d w a v e v e l o c i t i e s . T h i s k i n d 
o f m o d e l w a s a l s o e m p l o y e d to s i m u l a t e the p r o p a g a t i o n a n d r u n - u p o f o n e -
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d i m e n s i o n a l l o n g w a v e s b y T i t o v a n d S y n o l a k i s (1995) a n d l o n g - s h o r e a n d 
o n s h o r e w a v e p r o p a g a t i o n b y T i t o v a n d S y n o l a k i s (1998 ) . R e s u l t s s h o w e d 
t h a t the m o d e l d e s c r i b e s the e v o l u t i o n a n d r u n - u p o f n o n b r e a k i n g w a v e s 
ve ry w e l l . T o c o n s i d e r wave b r e a k i n g , one d i m e n s i o n a l d e p t h - a v e r a g e d 
N L S W E w i t h b o r e - l i k e d i s s i p a t i o n a n d q u a d r a t i c b o t t o m f r i c t i o n w a s w i d e l y 
u s e d for t h e s t u d y of the s u r f z o n e ( R a u b e n h e i m e r et a l . , 1 9 9 5 ; E l g a r et a l . , 
1997) a n d s w a s h z o n e ( R a u b e n h e i m e r et a l . , 1996 ) . T h e y f o u n d t h a t t h i s 
k i n d o f m o d e l d e s c r i b e d w e l l the c o m b i n e d effect o f r e f l e c t i o n a n d d i s s i p a t i o n . 
M o r e r e c e n t l y , s u c h m o d e l s h a v e b e e n u s e d to s i m u l a t e wave o v e r t o p p i n g 
( C a u s o n et a l . , 2 0 0 0 ; H u et a l . , 2 0 0 0 ; H u b b a r d a n d D o d d , 2 0 0 2 ) . M o d e l 
r e s u l t s a r e i n good a g r e e m e n t w i t h a n a l y t i c a l s o l u t i o n s a n d l a b o r a t o r y d a t a 
for w a v e o v e r t o p p i n g a t s l o p i n g a n d v e r t i c a l s e a w a l l s , a l t h o u g h t h e d e t a i l e d 
s t r u c t u r e o f wav e b r e a k i n g i s i g n o r e d . H o w e v e r , N L S W E m o d e l i s r e s t r i c t e d 
to s m a l l r e l a t i v e w a t e r d e p t h . It r e q u i r e s l o c a t i n g t h e o f f shore b o u n d a r y 
c o n d i t i o n o f t h e n u m e r i c a l m o d e l c l o s e to t h e s t r u c t u r e . N L S W E m o d e l i s 
s u i t a b l e for r e l a t i v e l o n g w a v e s , the re f o re c a n n o t r e p r o d u c e the n o n l i n e a r 
i n t e r a c t i o n s b e t w e e n p e a k f r e q u e n c y a n d i t s h i g h e r h a r m o n i c s . I n a d d i t i o n , 
r e s t r i c t i o n s o f N L S W E m o d e l a r e a s s o c i a t e d w i t h t h e s e m i - e m p i r i c a l 
i n t r o d u c t i o n o f b r e a k i n g , p o r o u s f l ow m o d e l l i n g o r the d i f f i c u l t y i n 
s i m u l a t i n g c o m p l i c a t e d free s u r f a c e s . 
T h e B o u s s i n e s q m o d e l c a n be t h o u g h t a s a n e x t e n s i o n o f t h e N L S W E 
m o d e l w i t h l a r g e r r a n g e s o f f r e q u e n c i e s a n d w a t e r d e p t h s , by a d d i n g e x t r a 
t e r m s to a c c o u n t for the d i s p e r s i o n a n d the n o n l i n e a r i t y . P e r eg r ine (1967) 
f i r s t l y i n t r o d u c e d the s t a n d a r d B o u s s i n e s q e q u a t i o n s i n t o c o a s t a l 
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e n g i n e e r i n g u s i n g t h e d e p t h - a v e r a g e d v e l o c i t y a s a d e p e n d e n t v a r i a b l e . T h e 
B o u s s i n e s q m o d e l i s a b l e to p r e d i c t t h e n o n l i n e a r w a v e t r a n s f o r m a t i o n i n 
v a r y i n g d e p t h b y i n t e g r a t i n g th e m o m e n t u m a n d c o n s e r v a t i o n o f m a s s 
e q u a t i o n s o v e r d e p t h r e d u c i n g t h e t h r e e - d i m e n s i o n a l p r o b l e m to a two -
d i m e n s i o n a l o n e . A f t e r t h a t , B o u s s i n e s q e q u a t i o n s we re d e v e l o p e d ove r m a n y 
d e c a d e s a n d a p p l i e d w i d e l y to t h e s i m u l a t i o n s o f w a v e - s t r u c t u r e i n t e r a c t i o n s . 
B e j i a n d B a t t j e s (1994 ) i m p r o v e d t h e B o u s s i n e s q m o d e l w i t h i m p r o v e d 
d i s p e r s i o n p r o p e r t i e s to s i m u l a t e p r o p a g a t i o n s o f r e g u l a r a n d i r r e g u l a r w a v e s 
o v e r a s u b m e r g e d t r a p e z o i d a l b a r . C o m p a r i s o n s for n o n - b r e a k i n g w a v e s 
s h o w g o o d a g r e e m e n t b e t w e e n n u m e r i c a l r e s u l t s a n d m e a s u r e m e n t s . 
B o u s s i n e s q m o d e l s s i m u l a t e w a v e b r e a k i n g p r o c e s s b y a d d i n g a d i s s i p a t i o n 
t e r m to t h e d e p t h - i n t e g r a t e d m o m e n t u m e q u a t i o n s . F o r i n s t a n c e , K a r a m b a s 
a n d K o u t i t a s (1992 ) u s e d t h e e d d y v i s c o s i t y m o d e l a n d S c h a f e r et a l . (1993) 
e m p l o y e d a m o r e c o m p l i c a t e d ' r o l l e r ' m o d e l to i n c o r p o r a t e th e v e l o c i t y 
d i s t r i b u t i o n i n t h e a e r a t e d r e g i o n . R e s u l t s o f t h e s e m o d e l s s h o w e d 
r e a s o n a b l e a g r e e m e n t w i t h m e a s u r e m e n t s for f r e e - sur f ace p ro f i l e s , b u t a r e 
u n l i k e l y to p r o d u c e a c c u r a t e s o l u t i o n s for t h e v e l o c i t y f i e ld . K a r a m b a s a n d 
K o u t i t a s (2002) d e v e l o p e d a h i g h e r - o r d e r B o u s s i n e s q m o d e l , w i t h i m p r o v e d 
l i n e a r d i s p e r s i o n c h a r a c t e r i s t i c s to d e s c r i b e wave m o t i o n i n t h e r e g i o n s 
u p s t r e a m a n d d o w n s t r e a m o f t h e b r e a k w a t e r s . N u m e r i c a l r e s u l t s s h o w v e r y 
g o o d a g r e e m e n t w i t h e x p e r i m e n t a l d a t a . T a k i n g a c c o u n t o f t h e b e d o r 
s t r u c t u r a l p e r m e a b i l i t y , F l a t e n 86 R y g g (1991) u s e d the D a r c y ' s f l ow 
a p p r o x i m a t i o n to m o d e l t h e f l ow i n s i d e th e p e r m e a b l e b e d , w h i l e C r u z et a l . 
( 1997 ) i n t r o d u c e d a f i c t i t i o u s p o t e n t i a l f u n c t i o n to l i n e a r i z e t h e p r o b l e m . 
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H s i a o et a l . (2002) p r e s e n t e d a f u l l y n o n l i n e a r 2 D B o u s s i n e s q - t y p e m o d e l for 
r e g u l a r w a v e s p r o p a g a t i n g ove r a p e r m e a b l e b e d a n d a p o r o u s s u b m e r g e d 
b r e a k w a t e r . S i n c e th e l i n e a r D a r c y ' s l a w f a i l s d u e to t h e t u r b u l e n c e effect for 
f l ows w i t h a h i g h R e y n o l d s n u m b e r , F o r c h h e i m e r e x t e n d e d D a r c y ' s l a w to 
i n c l u d e a q u a d r a t i c t e r m for t h e f r i c t i o n a l force i n d u c e d b y t u r b u l e n c e (Bea r , 
1972 ) . A v g e r i s et a l . (2004) i n t r o d u c e d the F o r c h h e i m e r t e r m s i n s t e a d o f a 
d e p t h - a v e r a g e d D a r c y e q u a t i o n to a c c o u n t for t h e f l ow i n s i d e t h e s u b m e r g e d 
p e r m e a b l e b r e a k w a t e r s . J o h n s o n et a l . (2005) i n c o r p o r a t e d a d e p t h - a v e r a g e d 
D a r c y - F o r c h h e i m e r e q u a t i o n d e s c r i b i n g the f l ow i n s i d e t h e p o r o u s m e d i u m 
i n t o the m o d e l d e r i v e d b y K a r a m b a s a n d K o u t i t a s (2002) w i t h a n e d d y 
v i s c o s i t y f o r m u l a t i o n . T h e s e n u m e r i c a l r e s u l t s o f w a v e s a n d c u r r e n t s i n t h e 
v i c i n i t y o f s u b m e r g e d p o r o u s b r e a k w a t e r a r e i n g o o d a g r e e m e n t s w i t h t h e 
l a b o r a t o r y d a t a . F u h r m a n et a l . (2005) i m p r o v e d the h i g h l y a c c u r a t e 
B o u s s i n e s q - t y p e m o d e l b y M a d s e n et a l . ( 2 0 0 2 ; 2003 ) to a l l o w d o m a i n s w i t h 
a r b i t r a r y p i e c e w i s e - r e c t a n g u l a r b o t t o m - m o u n t e d ( su r f ace -p i e r c ing ) 
s t r u c t u r e s . N u m e r i c a l s i m u l a t i o n s i n c l u d e c a s e s o f l i n e a r wave d i f f r a c t i o n 
a r o u n d a s e m i - i n f i n i t e b r e a k w a t e r , l i n e a r a n d n o n l i n e a r g a p d i f f r a c t i o n , a n d 
h i g h l y n o n l i n e a r d e e p w a t e r wave r u n - u p o n a v e r t i c a l p l a t e . H o w e v e r , 
B o u s s i n e s q t h e o r y a c c o m m o d a t e s o n l y m o d e r a t e c u r v a t u r e o f t h e free 
s u r f a c e a n d i s u n a b l e to p r o v i d e a f u l l d e s c r i p t i o n o f w a v e b r e a k i n g (Reeve et 
a l . , 2 0 0 8 ) . M o r e o v e r , B o u s s i n e s q m o d e l s a l s o l a c k the c a p a b i l i t y to 
d e t e r m i n e s p a t i a l d i s t r i b u t i o n o f t h e t u r b u l e n t k i n e t i c ene r gy d u e to i t s 
d e p t h - i n t e g r a t e d m o m e n t u m e q u a t i o n s . 
It i s w e l l k n o w n t h a t m o d e l s w i t h the N a v i e r - S t o k e s so l v e r a r e a b l e to 
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d e s c r i b e n e a r s h o r e w a v e - s t r u c t u r e i n t e r a c t i o n s w i t h o u t a s s u m i n g t h e 
h y d r o s t a t i c p r e s s u r e . T h e y a l s o c a n p r e d i c t t h e i n i t i a t i o n o f w a v e b r e a k i n g 
w i t h a m o r e a d v a n c e d t u r b u l e n c e m o d e l , s u c h a s n o n l i n e a r k -e m o d e l . L i n 
a n d L i u (1998 ) d e v e l o p e d the R A N S - V O F m o d e l to s t u d y t h e e v o l u t i o n o f a 
w a v e t r a i n , s h o a l i n g a n d b r e a k i n g i n t h e s u r f z one . T h e m e a n f low field i s 
g o v e r n e d b y t h e R e y n o l d s e q u a t i o n s w i t h a n o n l i n e a r R e y n o l d s s t r e s s m o d e l . 
F u r t h e r t u r b u l e n c e c l o s u r e a s s u m p t i o n s l e a d to a set o f t r a n s p o r t e q u a t i o n s 
for t h e t u r b u l e n t k i n e t i c ene rgy , k , a n d the t u r b u l e n c e d i s s i p a t i o n ra t e , e. 
T h e v o l u m e o f fluid (VOF) m e t h o d , w h i c h w a s o r i g i n a l l y d e v e l o p e d b y H i r t 8& 
N i c h o l s ( 1981 ) , w a s e m p l o y e d to t r a c k t h e free s u r f a c e . It i s a f r on t c a p t u r i n g 
m e t h o d a n d c a n be u s e d for m o d e l l i n g l a r g e - s c a l e d e f o r m a t i o n s o f t h e 
i n t e r f a c e i n c l u d i n g b r e a k u p a n d m e r g i n g . In o r d e r to c o n s i d e r t h e s t r u c t u r a l 
p e r m e a b i l i t y , L i u et a l . (1999) a p p l i e d t h i s m o d e l to p o r o u s s t r u c t u r e s w i t h 
t h e a s s u m p t i o n o f n o t u r b u l e n c e i n s i d e the p o r o u s m e d i a . T h e t u r b u l e n c e 
b o u n d a r y l a y e r a d j a c e n t to t h e p o r o u s w a l l w a s m o d i f i e d b y i n c l u d i n g t h e 
e f fects o f p e r c o l a t i o n v e l o c i t y a l o n g t h e p o r o u s b o u n d a r y . T h i s a s s u m p t i o n i s 
n o t v a l i d i f t h e p e r m e a b i l i t y o f t h e m e d i u m i s l a rge , s i n c e t h e r e i s s t r o n g 
e x p e r i m e n t a l e v i d e n c e t h a t t u r b u l e n c e i n s i d e th e p r o t e c t i v e a r m o u r l a y e r 
c o u l d be s i g n i f i c a n t u n d e r b r e a k i n g w a v e s w h e n t h e s i ze o f the a r m o u r u n i t 
i s r e l a t i v e l y l a r g e ( S a k a k i y a m a a n d L i u , 2 0 0 1 ) . H s u et a l . (2002) a p p l i e s t h e 
v o l u m e a v e r a g e d m e t h o d i n t o t h e R A N S - V O F m o d e l , d e v e l o p e d b y L i n a n d 
L i u ( 1998 ) , i n o r d e r to c o n s i d e r t h e fluid i n the p o r o u s m e d i a a n d o u t s i d e 
fluid s i m u l t a n e o u s l y . T h i s m o d e l w a s s u p p o r t e d b y the e x p e r i m e n t d a t a o n 
w a v e p r o p a g a t i n g o v e r a t r a p e z o i d a l s t r u c t u r e w i t h p e r m e a b l e a r m o u r 
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( S a k a k i y a m a a n d L i u , 2 0 0 1 ) . G a r c i a et a L (2004) a p p l i e d t h e R A N S - V O F 
m o d e l to i n v e s t i g a t e t h e n e a r - f i e l d f l ow a r o u n d the p e r m e a b l e s t r u c t u r e 
u n d e r o n l y r e g u l a r w a v e s . L o s a d a et a l . (2005) i n v e s t i g a t e d the v e l o c i t y a n d 
t u r b u l e n c e d i s t r i b u t i o n a r o u n d a n d i n s i d e th e p e r m e a b l e s t r u c t u r e . L a r a et 
a l . (2006) e x t e n d e d the a p p l i c a t i o n o f R A N S - V O F m o d e l to i r r e g u l a r w a v e 
c a s e s , b y u s i n g a n i n t e r n a l w a v e - m a k e r . T h e m o d e l p e r f o r m s w e l l o n 
d i f f e rent i n c i d e n t wave s p e c t r a , v a l i d a t e d s u c c e s s f u l l y b y s m a l l - s c a l e 
l a b o r a t o r y t e s t s . L o s a d a et a l . (2008) e m p l o y e d the R A N S - V O F m o d e l to 
i n v es t i ga t e t h e f u n c t i o n a l i t y o f r u b b l e m o u n d b r e a k w a t e r s w i t h s p e c i a l 
a t t e n t i o n f o c u s e d o n wave o v e r t o p p i n g p r o c e s s e s . T h e c o m p u t e d s u r f a c e 
e l e v a t i o n a n d p r e s s u r e u n d e r r e g u l a r a n d i r r e g u l a r w a v e s we re c o m p a r e d 
w i t h the e x p e r i m e n t a l d a t a , r e a c h i n g a v e r y g o o d a g r e e m e n t . T h e m o d e l a l s o 
r e p r o d u c e d the i n s t a n t a n e o u s a n d ave rage w a v e o v e r t o p p i n g d i s c h a r g e w e l l . 
A n o t h e r k i n d o f N a v i e r - S t o k e s - V O F m o d e l w a s a l s o d e v e l o p e d b y G r e a v e s 
(2004) a n d G r e a v e s (2006) a n d G r e a v e s (2007) w i t h a d a p t i n g q u a d t r e e g r i d s 
a n d a C o m p r e s s i v e In te r face C a p t u r i n g S c h e m e for A r b i t r a r y M e s h e s 
( C I C S A M ) i n t e r f a c e a d v e c t i o n s c h e m e . M o d e l R e s u l t s o f i n t e r a c t i o n s b e t w e e n 
v i s c o u s w a v e s a n d a s u b m e r g e d c y l i n d e r i n a s t a t i o n a r y t a n k a r e i n g o o d 
a g r e e m e n t w i t h e x p e r i m e n t a l a n d o t h e r n u m e r i c a l d a t a . I n a d d i t i o n , m o d e l 
r e s u l t s s h o w e d the s u f f i c i e n t a b i l i t y i n s i m u l a t i n g l a r g e - s c a l e d e f o r m a t i o n o f 
t h e free s u r f a c e . P r e v i o u s w o r k p r o v e d the s u f f i c i e n t c a p a b i l i t y o f s i m u l a t i n g 
th e c o m p l e x w a v e - s t r u c t u r e i n t e r a c t i o n s , c o n s i s t i n g o f wave r e f l e c t i o n , 
t r a n s m i s s i o n , o v e r t o p p i n g , b r e a k i n g d u e to t r a n s i e n t n o n l i n e a r w a v e s a n d 
t u r b u l e n c e i n th e f l u i d d o m a i n . 
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I n o r d e r to r e p r o d u c e t h r e e d i m e n s i o n a l p r o c e s s e s i n c l u d i n g a be t t e r 
t u r b u l e n c e d e s c r i p t i o n o f w a v e - s t r u c t u r e i n t e r a c t i o n s , A 3 D L a r g e E d d y 
S i m u l a t i o n ( LES ) m o d e l w i t h a S m a g o r i n s k y s u b - g r i d s c a l e t u r b u l e n c e m o d e 
w a s e m p l o y e d b y C h r i s t e n s e n a n d D e i g a a r d (2001) to s i m u l a t e wave 
b r e a k i n g , t h e l a r g e s c a l e w a t e r m o t i o n s a n d t u r b u l e n c e i n d u c e d b y the 
b r e a k i n g p r o c e s s . T h e a p p l i c a t i o n o f t h i s m o d e l w a s e x t e n d e d to th e 
i n v e s t i g a t i o n o f f l ow ra t e o ve r a n d t h r o u g h the g a p o f s u b m e r g e d 
b r e a k w a t e r s b y L o s a d a et a l . (2005) a n d the free s u r f a c e f low ove r a s e m i -
c i r c u l a r o b s t r u c t i o n b y L u et a l . (2008 ) . R e s u l t s s h o w e d g o o d a g r e e m e n t w i t h 
m e a s u r e m e n t s o f w a v e b a s i n e x p e r i m e n t s for i n s t a n t a n e o u s free s u r f a c e a n d 
t u r b u l e n c e p r o p e r t i e s . H o w e v e r , c o m p u t a t i o n a l e f forts for L E S 
a p p r o x i m a t i o n s a r e s t i l l t i m e c o n s u m i n g n o w a d a y s . T h e r e a r e few 
a p p l i c a t i o n s o f L E S o n s i m u l a t i n g p o r o u s f low a s w e l l . 
B e i n g a L a g r a n g i a n a p p r o a c h , p a r t i c l e m e t h o d s s u c h a s th e M o v i n g 
P a r t i c l e S e m i - I m p l i c i t (MPS) m e t h o d o f K o s h i z u k a et a l . (1995) o r the S m o o t h 
P a r t i c l e H y d r o d y n a m i c s (SPH) m e t h o d ( D a l r y m p l e et a l . , 2 0 0 1 ; G o t o h et a l . , 
2 0 0 4 ; S h a o et a l . , 2 0 0 6 ) h a v e b e c o m e very p o p u l a r , b y a c c u r a t e l y t r a c k i n g 
l a r g e d e f o r m a t i o n s o f t h e free s u r f a c e . Howeve r , t h e h i g h n u m b e r o f p a r t i c l e s 
r e q u i r e d , t h e l i m i t e d v a l i d a t i o n s a v a i l a b l e a n d v e r y l o w c o m p u t a t i o n a l 
e f f i c i e n c y a r e s o m e o f the i s s u e s t h a t n e e d to be r e s o l v e d be fore c o n s i d e r i n g 
S P H for c o m p l e x w a v e - s t r u c t u r e i n t e r a c t i o n s . In a d d i t i o n , a l t h o u g h S h a o et 
a l . ( 2006 ) d e m o n s t r a t e d t h a t S P H m o d e l c a n be u s e d for wave o v e r t o p p i n g , 
t h e R A N S - V O F s i m u l a t i o n s o f Reeve et a l . (2008) gave s l i g h t l y be t t e r r e s u l t s 
i n c o m p a r i s o n to e x p e r i m e n t s t h a n the S P H m o d e l . 
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T h e j u s t i f i c a t i o n o f s e l e c t i n g R A N S - V O F m o d e l is b a s e d o n t h e 
c o n s i d e r a t i o n o f t h r e e m a i n a s p e c t s i n w a v e - s t r u c t u r e i n t e r a c t i o n s . 
F i r s t l y , w h e n wave i n t e r a c t s w i t h c o a s t a l s t r u c t u r e s , the re i s s t r o n g 3 -
D effect n e a r t h e s e s t r u c t u r e s , w h e r e v e r t i c a l v a r i a t i o n s o f v e l o c i t i e s 
a n d t u r b u l e n c e are s i g n i f i c a n t . R A N S - V O F m o d e l i s d e p t h - r e s o l v e d 
m o d e l a n d there fo re i t c a n r e p r o d u c e the v e r t i c a l v a r i a t i o n s b u t t h e 
s a m e does n o t h o l d for t h e d e p t h - a v e r a g e d B o u s s i n e s q m o d e l . 
S e c o n d l y , wav e o v e r t o p p i n g o ve r c o a s t a l s t r u c t u r e i s a v i o l e n t n a t u r a l 
p h e n o m e n a a n d a l w a y s a s s o c i a t e s w i t h c o m p l e x free s u r f a c e , s u c h a s 
the o v e r t o p p i n g je t . R A N S - V O F m o d e l i s ab l e to c o n s i d e r l a r g e free 
s u r f a c e d e f o r m a t i o n s w i t h t h e V o l u m e o f F l u i d c a p t u r i n g s c h e m e , b u t 
B o u s s i n e s q m o d e l a c c o m m o d a t e s o n l y m o d e r a t e c u r v a t u r e o f t h e free 
s u r f a c e . T h i r d l y , w a v e b r e a k i n g a n d w a v e o v e r t o p p i n g o v e r c o a s t a l 
s t r u c t u r e s a s s o c i a t e s w i t h s t r o n g t u r b u l e n c e . R A N S - V O F m o d e l 
c a p t u r e s the t u r b u l e n c e w e l l w i t h a k-e t u r b u l e n c e m o d e l , w h i l e 
B o u s s i n e s q m o d e l l a c k s the c a p a b i l i t y to d e t e r m i n e d i s t r i b u t i o n o f 
t u r b u l e n t k i n e t i c ene r gy d u e to d e p t h - i n t e g r a t e d e q u a t i o n s . 
To da t e , R A N S - V O F m o d e l i s p o s s i b l y t h e m o s t a d a p t e d to t h e s t u d y 
o f w a v e - s t r u c t u r e i n t e r a c t i o n for e n g i n e e r i n g p u r p o s e s , a s 
c o m p u t a t i o n a l e f forts a r e r e a s o n a b l e a n d the n u m b e r o f s i m p l i f y i n g 
a s s u m p t i o n s i s c o n s i d e r a b l y r e d u c e d c o m p a r e d to B o u s s i n e s q m o d e l s . 
R A N S - V O F m o d e l i s a l s o p r o b a b l y m o s t e x t e n s i v e l y v a l i d a t e d for t h e 
s i m u l a t i o n s o f w a v e - s t r u c t u r e i n t e r a c t i o n . A s a r e s u l t , the R A N S - V O F 
m o d e l i s e m p l o y e d i n th e p r e s e n t w o r k . 
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2.2 RANS-VOF Model 
T h i s s t u d y e m p l o y s the R A N S - V O F m o d e l t h a t w a s d e v e l o p e d b y L i n a n d 
L i u ( 1998 ) , L i u et a l . (1999) a n d L i n a n d L i u (1999) . It c o n s i s t s o f a 
R e y n o l d s - A v e r a g e d N a v i e r - S t o k e s so l v e r , a two e q u a t i o n s k -e t u r b u l e n c e 
m o d e l a n d a V o l u m e o f F l u i d s u r f a c e c a p t u r i n g s c h e m e . 
2.2.1 Governing equation 
Turbulence flow 
T h e R e y n o l d s - A v e r a g e d N a v i e r - S t o k e s (RANS) e q u a t i o n s for a n 
i n c o m p r e s s i b l e f l u i d a r e : 
^ = 0 (2.2.1) 
dx, 
dt \ ^/ dxj {p) dx. {p)dXj ^ > jI dXj dx: 
+ g, (2.2.2) 
W h e r e '< >' r e p r e s e n t s the e n s e m b l e average , "" ' r e p r e s e n t s t h e t u r b u l e n t 
f l u c t u a t i o n , <Ui> i s t h e i - t h c o m p o n e n t o f the ve l o c i t y v e c t o r (i, j = l , 2 for a 
t w o d i m e n s i o n a l p r o b l e m ) , p i s t h e f l u i d d e n s i t y , <P> t h e m e a n p r e s s u r e , gi i s 
t h e i - t h c o m p o n e n t of t h e g r a v i t a t i o n a l a c c e l e r a t i o n , ^ t h e m o l e c u l a r 
d y n a m i c v i s c o s i t y , a n d (W,'M )^ i s t h e R e y n o l d s s t r e s s . 
Flows in the porous media 
D u e to t h e c o m p l e x s t r u c t u r e s o f p o r o u s m a t e r i a l s , i t i s n o t f eas ib l e to 
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reso l ve th e i n t r i n s i c flow field a n d so lve th e N - S e q u a t i o n s d i r e c t l y i n s i d e 
p o r e s . I n s t e a d , L i u et a l . ( 1 9 9 9 ) a n d H s u et a l . ( 2 0 0 2 ) s u g g e s t e d t h a t t h e flow 
e q u a t i o n s a r e a v e r a g e d ove r a l e n g t h s c a l e Ip, w h i c h i s l a r g e r t h a n t h e 
c h a r a c t e r i s t i c po r e s i ze a n d i s m u c h s m a l l e r t h a n t h e sca l e o f t h e s p a t i a l 
v a r i a t i o n o f t h e p h y s i c a l v a r i a b l e s i n th e flow d o m a i n . The re f o r e , t h e fluid 
v a r i a b l e s c a n be d e c o m p o s e d i n t o two p a r t s , s p a t i a l l y a v e r a g e d a n d s p a t i a l l y 
fluctuated q u a n t i t i e s , i.e. ii. = ( « , + « . " ) / « , n i s t h e s t r u c t u r a l p o r o s i t y . 
T h e m e a n flow i n p o r o u s m e d i a i s g o v e r n e d b y the f o l l o w i n g e q u a t i o n s a s 
d e s c r i b e d b y L i u et a l . , ( 1 9 9 9 ) : 
^ = 0 ( 2 . 2 . 3 ) 
l + c.du. II, du. I dP V d-u. - ^- ,o o 
^ ^ + - 4 ^ = — + g>+-^^-ga^iu-gb^u, {2.2 A) 
n dt n dXj p dx. n dXjdXj 
c,=y,— ( 2 . 2 . 5 ) 
n 
« . = « . ^ ^ ( 2 . 2 . 6 ) 
t= p(\ + 2A.)LjL_L^ ( 2 . 2 . 7 ) 
w h e r e ii^ = 11,11, ; v i s the m o l e c u l a r k i n e m a t i c v i s c o s i t y ; n i s t h e ef fective 
p o r o s i t y o f p o r o u s m a t e r i a l s ; v a n G e n t ( 1 9 9 5 ) p r o p o s e d t h a t Y p = 0 - 3 4 , 
a p = 1 0 0 0 for b o t h the a r m o u r l a y e r a n d t h e co r e a n d P p = 0 . 8 a n d 1 .2 
r e s p e c t i v e l y for nega t i v e o r n u l l f r e e b o a r d s t r u c t u r e s . L o s a d a et a l . ( 2 0 0 5 ) 
29 
CHAPTER 2 ^^JMERICAL M O D E L 
a r g u e d t h a t Pp=0 .4 i n s t e a d o f 1.2 for pos i t i v e f r e e b o a r d w i t h o u t wave 
o v e r t o p p i n g . K C i s t h e K e u l e g a n - C a r p e n t e r ( K e u l e g a n a n d C a r p e n t e r , 1958) 
n u m b e r r e p r e s e n t i n g the r a t i o o f t h e c h a r a c t e r i s t i c l e n g t h s ca l e o f f l u i d 
p a r t i c l e m o t i o n to t h a t of p o r o u s m e d i a , i.e., KC=UcT/(nD5o) , w h e r e T i s t h e 
t y p i c a l w a v e p e r i o d a n d D50 i s t h e c h a r a c t e r i s t i c d i a m e t e r o f p o r o u s 
m a t e r i a l s . 
I n t h e e q u a t i o n (2.2.4) , t h e t h i r d t e r m o n the r i g h t h a n d s i de i s 
r e s p o n s i b l e for t r a n s f e r r i n g s h e a r force a n d m a y b e c o m e i n c r e a s i n g l y 
i m p o r t a n t n e a r t h e i n t e r f a c e b e t w e e n p o r o u s m e d i a a n d o u t s i d e f l ow for 
s m a l l e r s c a l e p r o b l e m s ; t h e f o u r t h t e r m is t h e f r i c t i o n a l force i n d u c e d b y 
v i s c o u s ef fect ( su r f a c e f r i c t i on ) ; a n d t h e f i f th t e r m r e p r e s e n t s th e t u r b u l e n c e 
ef fect ( f o rm drag ) . H o w e v e r , f o r m u l a t i o n s above for f l ows i n the p o r o u s m e d i a 
h a v e n o t c o n s i d e r e d t h e s h a p e , o r i e n t a t i o n , a n d s u r f a c e r o u g h n e s s o f p o r o u s 
m a t e r i a l s , w h i c h a l s o af fect t h e a d d e d m a s s a n d f r i c t i o n c h a r a c t e r i s t i c s . 
Turbulence model 
A s c a n be s e e n i n E q u a t i o n (2.2.2), R e y n o l d s s t r e s s e s s h o u l d be r e l a t e d to 
t h e m e a n v e l o c i t i e s i n o r d e r to so l ve th e R e y n o l d s e q u a t i o n s for the m e a n 
f l ow . E x t e n s i v e r e s e a r c h w o r k h a s b e e n d o n e to s e ek t h e p r o p e r c l o s u r e 
m o d e l for t h e R e y n o l d s s t r e s s e s i n th e 1 9 7 0 s (e.g. L a u n d e r a n d S p a l d i n g , 
1 9 7 4 ; L a u n d e r et a l . , 1975 ) . A n a l t e r n a t i v e to R e y n o l d s s t r e s s c l o s u r e m o d e l 
i s t h e s o - c a l l e d k -e m o d e l i n w h i c h R e y n o l d s s t r e s s t e n s o r i s a s s u m e d to be 
r e l a t e d to t h e s t r a i n ra t e o f t h e m e a n f low a n d a n d the c h a r a c t e r i s t i c s c a l e s 
o f t u r b u l e n c e t h r o u g h the a l g e b r a i c n o n l i n e a r R e y n o l d s s t r e s s m o d e l ( S h i h et 
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a l . , 1996 ) . 
{u]u]) = ^kS,.-C,p 
c, 
d{u,)d{u,) ^ d{u^)d{u,) 2d{u,)d{u,)^ 
dx, dXj dx, dx, 3 5x^ , dx, '' 
d{u)d{u) \d{u,)d{u,) 
dx,. dXf, 3 dx,. dx,. 
d{u,)d{u,) \d{u,)d{u,)^^ 
dx, dXj 3 dx,. dx^. '"' 
(2.2.8) 
k = Uu;u\),e = u{ 
r \^ 
du' 
V dx, , 
(2.2.9) 
w h e r e C i , C2, C3 a n d Cd a r e e m p i r i c a l coe f f i c i en t s , k is t h e t u r b u l e n t 
k i n e t i c e n e r g y a n d e i s t h e t u r b u l e n t d i s s i p a t i o n r a t e , 5 y i s t h e K r o n e c k e r 
d e l t a ( equa l s 1 i f i=j, a n d 0 o the rw i se ) a n d v i s t h e m o l e c u l a r k i n e m a t i c 
v i s c o s i t y . 
T h e c o n v e n t i o n a l e d d y v i s c o s i t y m o d e l c a n be d e r i v e d w i t h Ci=C2=C3=0 
a n d i t i s i n the e x p r e s s i o n : 
( « ;u;) = | M , - 2 . , ( a , ) (2 .2.10) 
i n w h i c h atj i s t h e ra t e o f s t r a i n t e n s o r , vt i s t h e e d d y v i s c o s i t y 
v^=C,eiE, C , =0.09. 
R e c o m m e n d e d b y S h i h e t a l . (1996) a n d L i n a n d L i u (1998) , t h e e m p i r i c a l 
coe f f i c i en ts a r e : 
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1 
C, = 
7.4+ 5 _ 185.2 + D max / 2 ina.x 
c - ! c — — L _ 
' 58.5+ D , L ' 370.4+ D i 
( 2 . 2 . 1 1 ) 
W h e r e S,^ ^^  ={kl£) max(|5M,. / dx, |) a n d D^^ ^{kls) max( du, I dx.). 
T w o e q u a t i o n s k -e t u r b u l e n c e m o d e l a r e : 
dk , \dk d 
- + (u,)— = +-









- Q , y ( 2 . 2 . 1 3 ) 
T h e e m p i r i c a l c oe f f i c i en t s t h a t a p p e a r i n th e m o d e l a re s u r p r i s i n g l y 
u n i v e r s a l . T h e r e c o m m e n d e d v a l u e s for these coe f f i c i en ts a r e (Rod i , 1 9 8 0 ) : Cd 
= 0 . 0 9 ; C i E = 1 . 4 4 ; C 2 E = 1 . 9 2 ; a k = 1 . 0 a n d a e = 1 . 3 . 
2.2.2 Boundary condition: 
Free surface: 
F o r t h e d y n a m i c b o u n d a r y c o n d i t i o n , d e n o t i n g n a s t h e u n i t n o r m a l o n 
t h e free s u r f a c e a n d m a s t h e p r o j e c t i o n of « o n t h e x i , t h e c o n t i n u i t y of t h e 
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i n w h i c h <in> i s a p r e s c r i b e d n o r m a l s t r e s s a p p l i e d o n the free s u r f a c e 
a n d the s u r f a c e t e n s i o n h a s b e e n i g n o r e d . If e x t e r n a l t a n g e n t i a l s t r e s s 
c o m p o n e n t i s a p p l i e d o n the free s u r f a c e <it>, t h e c o n t i n u i t y o f t a n g e n t i a l 
s t r e s s c o m p o n e n t b e c o m e s : 
dxj dx, 
n,t^={T,) (2.2.15) 
K i n e m a t i c b o u n d a r y c o n d i t i o n i s : 
^ + u , | ^ = 0 (2.2.16) 
dt dx, 
w h e r e F i s a n y p h y s i c a l p r o p e r t y a s s o c i a t e d w i t h t h e free s u r f a c e p a r t i c l e s . 
T h e e x c h a n g e o f t u r b u l e n t k i n e t i c e n e r g y a n d the t u r b u l e n t d i s s i p a t i o n 
ra t e a t t h e free s u r f a c e a r e a s s u m e d to be z e ro , t h a t i s , 
=0 (2.2.17) 
dx. 
^^n,=0 (2 .2.18) 
dx. 
Solid boundary: 
F o r s o l i d b o u n d a r y , s u c h a s i m p e r m e a b l e b o t t o m a n d s t r u c t u r e i n t e r f a c e , 
i t i s d i f f i cu l t to r e so l v e the v i s c o u s l a y e r for p r a c t i c a l c o m p u t a t i o n . 
A l t e r n a t i v e l y , the f r ee - s l i p b o u n d a r y c o n d i t i o n a n d t h e t u r b u l e n t b o u n d a r y 
t h e o r y a re a p p l i e d : 
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(w,)[h = 0 in Q (2.2.19) 
dn 
= 0 InQ (2.2.20) 
w h e r e Q i s t h e p a r t o f t h e f l u i d d o m a i n b o u n d a r y w h e r e t h e s l i p o c c u r s ; 
<Ui> ( i = l , 2 for a t w o d i m e n s i o n p r o b l e m ) i s t h e v e l o c i t y v e c t o r i n Q ; n a n d x 
a r e t h e o u t w a r d u n i t n o r m a l v e c t o r a n d a t a n g e n t u n i t v e c t o r i n Q. 
F o r t h e t u r b u l e n c e f i e ld , n e a r th e s o l i d b o u n d a r y , t h e l o g - l a w d i s t r i b u t i o n 
o f m e a n t a n g e n t i a l v e l o c i t y i n th e t u r b u l e n t b o u n d a r y l a y e r i s a p p l i e d , w h e r e 
t h e v a l u e s o f k a n d e c a n be e x p r e s s e d as f u n c t i o n s o f d i s t a n c e f r o m t h e 
b o u n d a r y a n d t h e m e a n t a n g e n t i a l v e l o c i t y o u t s i d e o f t h e v i s c o u s s u b - l a y e r : 
M = l i n ( £ ^ ) (2.2.21) 
U* K V 
k=^^ (2.2.22) 
e = - { u . Y - ^ - ^ (2.2.23) 
/ dy Ky 
v , = - ^ = . . * , (2.2.24) 
dy 
Inlet and outlet boundary 
T h e o p e n b o u n d a r y , c o m p o s e d o f t h e r a d i a t i o n b o u n d a r y c o n d i t i o n a n d 
s p o n g e l a y e r , i s e m p l o y e d a t t h e i n l e t a n d o u t l e t o f t h e c o m p u t a t i o n a l 
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d o m a i n . 
T h e r a d i a t i o n b o u n d a r y i s : 
f . , f = 0 (2 .2 .25 , 
w h e r e i = l , 2 , r e p r e s e n t i n g t h e x - a n d y - c o o r d i n a t e s ; Ci= ,Jg{h + j]) i s t h e 
a n a l y t i c w a v e v e l o c i t y o f the wave t r a i n t h a t i s p o s i t i v e a t t h e r i g h t b o u n d a r y 
a n d nega t i ve a t t h e left b o u n d a r y . F o r i r r e g u l a r w a v e o n l y t h e p e a k 
c o m p o n e n t o f i r r e g u l a r w a v e s w a s c o n s i d e r e d ; C c o u l d r e p r e s e n t b o t h 
s u r f a c e e l e v a t i o n a n d v e l o c i t y v e c t o r s . 
I n s i de th e s p o n g e l aye r , a n a d d i t i o n a l f r i c t i o n t e r m i s a d d e d to t h e o r i g i n a l 
m o m e n t u m e q u a t i o n i n R A N S e q u a t i o n s ( E q u a t i o n 2.2.2) a n d t h i s t e r m 
t a k e s the f o r m of -ff(x)*<Ui>, w h e r e ff(x) i s t h e f r i c t i o n f a c t o r a n d <Ui> i s t h e 
e n s e m b l e - a v e r a g e d v e l o c i t y i n th e i - t h d i r e c t i o n . B a s e d o n W e i a n d K i r b y 
(1995) , the f u n c t i o n ff(x) h a s t h e f o r m : 
f f ( x ) - a -
' X X ' 
- 1 exp )" 
exp ( I ) - l 
forx,-x^<x<x, (2.2.26) 
w h e r e Xo i s the c o o r d i n a t e o f t h e r i g h t edge o f t h e sponge l a y e r , Xs t h e 
l e n g t h of t h e s p o n g e l aye r , a = 2 0 0 a n d n = 2 0 i n p r e s e n t w o r k . 
A s m e n t i o n e d b y L i n et a l . (1998) , the m o d e l w i l l p r o d u c e n o t u r b u l e n t 
ene r gy i f t h e r e i s n o t u r b u l e n t k i n e t i c e n e r g y i n i t i a l l y . B o t h t h e i n i t i a l 
c o n d i t i o n a n d i n f l o w b o u n d a r y c o n d i t i o n for k a n d e are d e f i n e d a s : 
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k=-^(i^cf a n d s = Cjk' l{^v) , w h e r e c i s the wave c e l e r i t y o n the i n f l ow 
b o u n d a r y , ^=2.5e-3 , §=0.1. L i n et a l . (1998) f o u n d the r e i s l i t t l e i m p a c t o n the 
n u m e r i c a l s o l u t i o n s for b o t h ^ a n d §, e x c e p t the b r e a k i n g p o i n t . 
Interface between fluid and porous media 
I n r e a l i t y , t h e f l ow j u s t o u t s i d e o f t h e p o r o u s s u r f a c e i s i n t h e f o r m of j e t s 
a n d w a k e s , w h i c h a r e t u r b u l e n t a n d q u i c k l y m i x e d w i t h i n a s h o r t d i s t a n c e i n 
o r d e r o f c h a r a c t e r i s t i c p o r e s i z e Dnso- Howeve r , p r e s e n t w o r k m a i n l y 
c o n c e r n s w a v e t r a n s f o r m a t i o n s a n d o v e r t o p p i n g o u t s i d e o f t h e p o r o u s 
m a t e r i a l s , w h i c h i s n o t s i g n i f i c a n t l y i n f l u e n c e d b y the a p p r o x i m a t i o n o f the 
m e a n f l ow f i e l d j u s t o u t s i d e o f t h e p o r o u s m e d i a ( L i u et a l . 1999 ) . T h e 
t u r b u l e n c e m o d e l i s n o t s o l v e d i n t h e p o r o u s m e d i a e i t h e r . 
I l e g b u s i (1989 ) s u g g e s t e d t h e f o r m u l a t i o n to c a l c u l a t e t h e w a l l s h e a r 






W h e r e <ut> i s t h e t a n g e n t i a l v e l o c i t y o u t s i d e o f t h e t u r b u l e n t b o u n d a r y 
l a y e r ; M, i s t a n g e n t i a l a v e r a g e d v e l o c i t y a l o n g the p o r o u s b e d ; v o n K a r m a n 
c o n s t a n t k = 0 . 4 1 ; E i s r o u g h n e s s coe f f i c i ent a n d e q u a l s 9 . 0 for s m o o t h w a l l ; 
r ^ i s w a l l s h e a r s t r e s s ; r„,is a d d i t i o n a l s h e a r s t r e s s c a u s e d b y f low s u c t i o n o r 
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i n j e c t i o n t h r o u g h the p o r o u s b e d ; v„ i s n o r m a l a v e r a g e d v e l o c i t y a c r o s s t h e 
p o r o u s b e d a n d C n = 0 . 0 1 s u g g e s t e d b y L i u et a l . (1999) . 
W i t h know^n <ut>, w, a n d , c a n be c a l c u l a t e d u s i n g t h e New^ton-
R a p h s o n m e t h o d . T h e f r i c t i o n v e l o c i t y u * c a n be c a l c u l a t e d s u b s e q u e n t l y b y 
w*-=|r j//? , w h i c h c a n be e m p l o y e d to de f ine b o t h the t u r b u l e n t k i n e t i c 
ene rgy , k , a n d d i s s i p a t i v e ra t e , e n e a r t h e p o r o u s s u r f a c e . 
2.2.3 Surface capturing scheme and Partial Cell Treatment 
T h e v o l u m e o f f l u i d (VOF) m e t h o d i s a c o n v e n i e n t a n d p o w e r f u l t o o l for 
m o d e l l i n g f l u i d f l ows t h a t c o n t a i n a free s u r f a c e . It i s u s e d to i d e n t i f y 
d i f f e rent t ype s o f c o m p u t a t i o n a l c e l l s a n d t h u s c a n be u s e d to t r a c k t h e free 
s u r f a c e m o t i o n . T h e V O F c o n c e p t a c h i e v e s t h i s b y d e f i n i n g a f r a c t i o n a l 
v o l u m e o r a V O F f u n c t i o n , fofx, y, t), w h i c h spec i f i e s the f r a c t i o n o f a 
c o m p u t a t i o n a l c e l l f i l l ed w i t h f l u i d ( F i gure 2 .2 .1 ) . F o r s i m p l i c i t y t h e t i m e a n d 
s p a c e v a r y i n g f u n c t i o n fo/x, y, t) i s d e s c r i b e d b y fo. F o r e x a m p l e : 
0 empty cell 
1 full cell 
other surface cell 
(2 .2.29) 
T h e t r a n s p o r t e q u a t i o n for th e V O F f u n c t i o n , fo, i s : 
5/o 
dt 
+ ( ( " ,>^)/o=0 (2.2.30) 
w h e r e w, ( i=l ,2) i s t h e f l u i d v e l o c i t y v e c t o r . 
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W h e n c a l c u l a t i n g t h e s e c o n v e c t i v e f l uxes s p e c i a l c a r e m u s t be t a k e n to 
a v o i d c o m p u t a t i o n a l s m e a r i n g o f t h e a i r - f l u i d i n t e r f a c e b e c a u s e t h i s c a u s e s 
c o n s i d e r a b l e i n a c c u r a c y i n t h e i n t e r f a c e r e p r e s e n t a t i o n . H i r t a n d N i c h o l s 
( 1981 ) p r o p o s e d a s i m p l e w a y to t r a c k t h e f l u i d i n t e r f a c e b y i n t r o d u c i n g the 
v o l u m e o f f l u i d (VOF ) c o n c e p t a n d a s c h e m e for the a d v e c t i o n o f t h e V O F 
f r a c t i o n f u n c t i o n , w h i c h i s c a l l e d th e D o n o r - a c c e p t o r m e t h o d . T h e i r V O F 
m e t h o d s h o w s the e f f e c t i v eness for t r a c k i n g a f l u i d in t e r f a ce . T h e a l g o r i t h m 
o f H i r t a n d N i c h o l s (1981 ) , k n o w n a s ' p i e cew ise c o n s t a n t s c h e m e ' , i s t h a t t h e 
i n t e r f a c e w a s f o r c e d to a l i g n w i t h o n e o f the c o o r d i n a t e a x e s ( h o r i z o n t a l o r 
v e r t i c a l ) d e p e n d i n g o n the p r e v a i l i n g d i r e c t i o n o f t h e i n t e r f a c e n o r m a l . F l u x e s 
i n a d i r e c t i o n p e r p e n d i c u l a r to t h e r e c o n s t r u c t e d i n t e r f a c e a r e e s t i m a t e d 
u s i n g a D o n o r - A c c e p t o r m e t h o d . 
T h e b a s i c i d e a o f p a r t i a l c e l l t r e a t m e n t i s t h a t t h e o b s t a c l e c a n be m o d e l l e d 
a s a s p e c i a l c a s e o f t w o - p h a s e f l ow w i t h i n f i n i t e d e n s i t y . P a r t i a l c e l l 
t r e a t m e n t p a r t i a l l y b l o c k s t h e c e l l face a n d c e l l i t s e l f a c c o r d i n g to t h e r e a l 
g e o m e t r y o f t h e b o u n d a r y . T h e o p e n n e s s coe f f i c i ent , 6, i s d e f i n e d a s th e r a t i o 
o f t h e f l u i d v o l u m e to the t o t a l v o l u m e i n a c e l l ( F i gu r e 2 .2 .1 ) . T h e v a r i a b l e s 
i n c e l l s o r c e l l f a ces a r e r e d e f i n e d a s th e m u l t i p l i c a t i o n o f o p e n n e s s 
c o e f f i c i e n t s w i t h o r i g i n a l v a r i a b l e s r e p r e s e n t i n g t h e m e a n v a l u e s the r e . N e a r 
t h e o b s t a c l e o p e n n e s s coe f f i c i en t s a r e l e s s t h a n u n i t y t h a t m a k e s the m e a n 
q u a n t i t i e s s m a l l e r t h a n t h e i r o r i g i n a l v a l u e s . W h e n o p e n n e s s coe f f i c i en ts 
e q u a l z e r o (obstac le ) , t h e n u m e r i c a l c a l c u l a t i o n i s s k i p p e d i n t h i s c e l l . 
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Surface elev ation 
0<fo<1 













" V i a 
i.J-1 






Figure 2.2.1 Finite difference meshes and cell classifications in the model, fo: the 
ratio of cell occupied by the fluid to the whole cell area, 6'. the ratio of cell not 
occupied by the solid object to the whole cell area. 
2.2.4 Internal wave maker 
It i s a c h a l l e n g i n g w o r k to gene ra t e t h e i n c i d e n t w a v e s f r o m i n l e t 
b o u n d a r y a n d a t the s a m e t i m e a b s o r b the r e f l e c t ed w a v e s f r o m o b s t a c l e s o r 
b e a c h e s i n the c o m p u t a t i o n a l d o m a i n . F o r d e p t h - a v e r a g e d e q u a t i o n s m o d e l s , 
o n l y the s u r f a c e e l e v a t i o n s a r e n e e d e d a t t h e i n l e t b o u n d a r y . P r e v i o u s 
r e s e a r c h e r s (e.g. K o b a y a s h i et a l . , 1 9 8 7 ; D o n g e r e n a n d S v e n d s e n , 1997 ) 
d e v e l o p e d the g e n e r a t i n g - a b s o r b i n g b o u n d a r y c o n d i t i o n s b a s e d o n the 
a s s u m p t i o n o f l i n e a r s u p e r p o s i t i o n o f i n c i d e n t a n d r e f l e c t ed waves . H o w e v e r , 
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t h i s t y p e o f b o u n d a r y c o n d i t i o n c a n o n l y be a p p l i e d to s m a l l a m p l i t u d e 
w a v e s a n d m a y l e a d to c u m u l a t i v e e r r o r s , w h i c h m a y c o n t a m i n a t e n u m e r i c a l 
r e s u l t s i n t h e e n t i r e d o m a i n e v e n t u a l l y (Wei et a l . , 1999 ) . 
R A N S - V O F m o d e l r e q u i r e s t h e v e l o c i t y i n f o r m a t i o n a l o n g w i t h the free 
s u r f a c e e l e v a t i o n s a t t h e i n l e t b o u n d a r y . T h u s , t h e m o d e l i s m o r e s e n s i t i v e to 
t h e e r r o r s f r o m t h e b o u n d a r y t h a n o t h e r d e p t h - a v e r a g e d e q u a t i o n s m o d e l s . 
A l t h o u g h P e t i t e t a l . (1994) e m p l o y e d the w e a k l y r e f l e c t i n g b o u n d a r y 
c o n d i t i o n s t h a t s e n d t h e i n c i d e n t w a v e a n d a b s o r b the w e a k l y r e f l e c t ed wave 
s i m u l t a n e o u s l y , t h i s m e t h o d a g a i n c a n o n l y be a p p l i e d to s m a l l a m p l i t u d e 
w a v e s d u e to t h e l i n e a r t h e o r y a s s u m p t i o n . 
B a s e d o n t h e i d e a of L a r s e n a n d D a n c y (1983) t h a t a s o u r c e f u n c t i o n 
i n s i d e t h e c o m p u t a t i o n a l r e g i o n i s u s e d to genera te w a v e s , L i n a n d L i u (1999) 
e m p l o y e d t h i s i n t e r n a l s o u r c e f u n c t i o n i n the R A N S - V O F m o d e l to g ene ra t e 
t h e l i n e a r m o n o c h r o m a t i c w a v e s a n d i r r e g u l a r w a v e s (he re ina f t e r i n t e r n a l 
w a v e m a k e r ) . T h e v a l i d a t e d r e l a t i v e w a v e h e i g h t (H/h) i s u p to 0 . 3 . T h e 
i n t e r n a l w a v e g e n e r a t o r i s n o t i n t e r a c t i n g w i t h r e f l e c t ed w a v e s , b u t l e a d s to 
c o n s i d e r a b l e i n c r e a s e o f c o m p u t a t i o n a l d o m a i n . 
T h e b r i e f d e s c r i p t i o n o f the i n t e r n a l wave m a k e r i s ( L i n a n d L i u , 1999 ) : 
^ + ~ = s{x,y,t) in Q (2.2.31) 
ox dy 
W h e r e s(x, y , t) i s n o n z e r o m a s s s o u r c e f u n c t i o n w i t h i n the s o u r c e r e g i o n 
Q , t h e free s u r f a c e d i r e c t l y a b o v e the s o u r c e f u n c t i o n w i l l r e s p o n d 
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i m m e d i a t e l y to the m a s s c h a n g e i n d u c e d b y t h i s s o u r c e . A t r a i n o f s u r f a c e 
g rav i t y w a v e s w i l l be g e n e r a t e d d u e to the r e s t o r i n g force b y the g r a v i t y . 
T h e s o u r c e r e g i o n u s e d i n p r e s e n t w o r k i s a r e c t a n g l e w i t h t h e w i d t h 
(hor i zonta l ) o f Ws a n d the h e i g h t (vert ical ) o f ds, w h e r e Ws<<A, A i s t h e t a r g e t 
w a v e l e n g t h . W i t h the a s s u m p t i o n t h a t a l l of t h e m a s s i n c r e a s e o r d e c r e a s e 
i n t r o d u c e d b y the m a s s s o u r c e f u n c t i o n c o n t r i b u t e s to the g e n e r a t i o n o f t h e 
ta rge t wave , the s o u r c e f u n c t i o n s(x, y , t) s h o u l d sa t i s fy t h e f o l l o w i n g 
r e l a t i o n s h i p : 
' ls{x,y,t)dCldt^2lC7j{t)dt (2.2.32) 
W h e r e C i s p h a s e v e l o c i t y o f t h e t a rge t wave . T h e f a c t o r 2 i s u s e d s i n c e 
w a v e s are g e n e r a t e d o n b o t h s i d e s o f t h e s o u r c e r e g i o n . T h e s p a t i a l v a r y i n g 
m a s s s o u r c e f u n c t i o n i s n o t c o n s i d e r e d he r e . 
T h e s o u r c e f u n c t i o n s(x, y , t) c a n be e a s i l y d e r i v e d d e p e n d i n g o n t h e w a v e 
theo r y . E q u a t i o n 2 . 2 . 3 2 a n d t h e a s s u m p t i o n o f t h e a r e a A for r e c t a n g u l a r 
s o u r c e r e g i o n Q. I n the p r e s e n t s t u d y , t h e s o u r c e f u n c t i o n s s(x, y , t) a r e : 
CH 
F o r s i n u s o i d a l wave : ^(0 = s\n{cot) (2 .2.33) 
A 
F o r 2"«i-order s t o k e s wave : 
CH CkH^ cosh{kh)\2 + cos\\(2kK)\ 
A 2,A simv {kh) 
To m a i n t a i n the n u m e r i c a l s t a b i l i t y , the s o u r c e f u n c t i o n s(t) m u s t s t a r t 
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f r o m z e r o , t h e r e f o r e . P = arccos( 
4^ 0 
) (2.2.35) 
I n w h i c h , k i s w a v e n u m b e r , C i s p h a s e v e l o c i t y o f t h e t a rge t wave , H i s 
A n i r r e g u l a r w a v e i s c o m p o s e d o f a se r i e s o f s i n u s o i d a l w a v e s w i t h 
d i f f e r e n t w a v e f r e q u e n c y a n d a m p l i t u d e . F o r a k n o w n e n e r g y s p e c t r u m of a n 
i r r e g u l a r w a v e , t h e w a v e t r a i n c a n be r e c o n s t r u c t e d t h r o u g h the i n v e r s e 
F o u r i e r t r a n s f o r m a t i o n w i t h a f in i t e n u m b e r o f w a v e c o m p o n e n t s . The re f o r e , 
a n i r r e g u l a r w a v e c a n be g e n e r a t e d by s u p e r p o s i n g d i f f e rent wave 
c o m p o n e n t s : 
W h e r e a i , Q i , P s i a n d C i a r e t h e a m p l i t u d e , a n g u l a r f r e q u e n c y , p h a s e a n d 
p h a s e v e l o c i t y o f t h e i - t h t a r g e t w a v e c o m p o n e n t r e s p e c t i v e l y ; h i s w a t e r 
d e p t h a t t h e s o u r c e r e g i o n ; A i s t h e a r e a for r e c t a n g u l a r s o u r c e r e g i o n . 
I n s u m , i n t e r n a l wave m a k e r i s i m p l e m e n t e d i n f o l l o w i n g s t eps : F i r s t l y , 
s e t u p t h e s o u r c e r e g i o n i n a r e c t a n g u l a r w i t h the w i d t h f a r s m a l l e r t h a n the 
t a r g e t w a v e l e n g t h . S e c o n d l y , c a l c u l a t e the s o u r c e f u n c t i o n w i t h the 
a s s u m p t i o n t h a t a l l o f the m a s s i n c r e a s e o r d e c r e a s e i n t r o d u c e d b y the m a s s 
s o u r c e f u n c t i o n c o n t r i b u t e s to t h e g e n e r a t i o n o f t h e t a rge t w a v e . T h i r d l y , a d d 
t h i s s o u r c e f u n c t i o n w i t h i n t h e s o u r c e r e g i on i n t o the r i g h t h a n d s i de o f t h e 
c o n t i n u i t y e q u a t i o n , to g ene ra t e s u r f a c e e l e va t i ons . 
w a v e h e i g h t andZ^g = 
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2.2.5 Computational mesh 
A s tagge red m e s h f in i t e d i f f e rence s c h e m e i s u s e d i n the p r e s e n t m o d e l . A t 
t h e b e g i n n i n g t h e w h o l e c o m p u t a t i o n a l d o m a i n i s d i s c r e t i z e d b y th e imax*jmax 
r e c t a n g u l a r c e l l s a s s k e t c h e d i n F i g u r e 2 . 2 . 1 . T h e i - i n d e x o f c e l l s i n c r e a s e s 
f r o m the left b o u n d a r y to t h e r i g h t b o u n d a r y a n d j - i n d e x o f c e l l s i n c r e a s e s 
f r o m the b o t t o m b o u n d a r y to t h e t o p b o u n d a r y o f the c o m p u t a t i o n a l d o m a i n . 
imax a n d jmax a r c t h e m a x i m u m i n d e x o f c e l l s i n th e h o r i z o n t a l a n d v e r t i c a l 
d i r e c t i o n s r e spec t i v e l y . A l l s c a l a r q u a n t i t i e s , i .e. Pij, kij, eij, the V O F f u n c t i o n , 
fij, a n d t h e o p e n n e s s f u n c t i o n , di,j, i n t h e c e l l (i, j) a r e d e f i n e d i n t h e c e n t r e o f 
t h e c e l l s , w h i l e t h e v e c t o r a n d v e c t o r - r e l a t e d q u a n t i t i e s , s u c h a s m e a n 
ve l o c i t i e s mj a n d Vij a re d e f i n e d i n th e c e l l f aces . 
T h e p r e s e n t m o d e l i s ab l e to g e n e r a t e a n o n - u n i f o r m m e s h . W h e n a 
v a r i a b l e m e s h i s to be s p e c i f i e d , t h e m o d e l u s e s the l i n e a r d i v e r g e n t f u n c t i o n 
to m a k e a s m o o t h g r i d c h a n g e ( L i n a n d L i u , 2 0 0 0 ) . A l t h o u g h t h e u s e o f 
u n i f o r m m e s h e s c a n p r o d u c e m o r e a c c u r a t e r e s u l t s t h a n t h e u s e o f v a r i a b l e 
m e s h e s , i n s o m e p r a c t i c a l c o m p u t a t i o n s , t h e v a r i a b l e s ize o f m e s h i s 
n e c e s s a r y to r e d u c e t h e c o m p u t a t i o n a l c o s t . F o r e x a m p l e , w h e n t h e c a s e o f 
wave b r e a k i n g i s s i m u l a t e d , t h e r e s o l u t i o n n e a r t h e b r e a k i n g p o i n t m u s t be 
r a t h e r fine i n c o m p a r i s o n to w h a t n e e d e d to r eso l ve t h e w a v e i t s e l f H o w e v e r , 
i t i s n e c e s s a r y to d e p l o y t h e c o n s t a n t s i ze m e s h a r o u n d t h e free s u r f a c e a n d 
b o t h i n l e t a n d o u t l e t b o u n d a r y to e n s u r e t h e h i g h a c c u r a c y o f free s u r f a c e 
c o m p u t a t i o n a n d t h e s t a b i l i t y o f n u m e r i c a l s i m u l a t i o n s . 
T h e a s p e c t r a t i o o f t h e m e s h s i ze i n th e c e l l (i, j ) , Axi/Ayj, i s o f g r ea t 
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i m p o r t a n c e for a c c u r a t e l y c a p t u r i n g the free s u r f a c e b y V O F m e t h o d . 
N o r m a l l y , Axij Ayp\ i s p r e f e r r e d b u t Axi c a n be a n o r d e r o f m a g n i t u d e g r ea t e r 
t h a n Ayj for s o m e s m a l l a m p l i t u d e l o n g wave s . F o r b r e a k i n g w a v e s i m u l a t i o n , 
t h e a s p e c t r a t i o s h o u l d be s m a l l e r t h a n or e q u a l 2 .5 to a v o i d i n a c c u r a c y 
a r i s i n g f r o m fa l se b r e a k i n g ( L i n a n d L i u , 2000 ) . 
2.2.6 Time Step Criteria 
T h e e x p l i c i t f i n i t e d i f f e r ence f o r m for t r a n s i e n t a d v e c t i o n - d i f f u s i o n 
e q u a t i o n s ( E q u a t i o n s 2 . 2 . 1 , 2 . 2 . 2 , 2 . 2 . 3 , 2 .2 .4 , 2 . 2 . 1 2 a n d 2 .2 .13 ) i s s u b j e c t 
to t h e n u m e r i c a l i n s t a b i l i t y u n l e s s c e r t a i n s t a b i l i t y c r i t e r i a a r e s a t i s f i e d . T h e 
s t a n d a r d v o n N e u m a n n s t a b i l i t y a n a l y s i s w a s e m p l o y e d to o b t a i n t h e 
s t a b i l i t y c r i t e r i a for t h e l i n e a r a p p r o x i m a t i o n : 
tsi < min 
Ax,^ ' Ay. ^ . 
(2.2.37) 
At < min 
2{v + v,) (AxJ+(AyJ 
(2.2.38) 
T h e c r i t e r i a a r e o b t a i n e d w i t h t h e a s s u m p t i o n t h a t the a d v e c t i o n t e r m i s 
d i s c r e t i z e d b y u p w i n d s c h e m e . T h e f i rs t c r i t e r i o n i s f r o m the s t a b i l i t y 
r e q u i r e m e n t for t h e a d v e c t i o n t e r m a n d the s e c o n d one a r i s e s f r o m t h e 
d i f f u s i o n t e r m . H o w e v e r , d u e to t h e i n t r i n s i c n o n l i n e a r i t y i n th e g o v e r n i n g 
e q u a t i o n s a n d the c o m b i n a t i o n o f c e n t r a l d i f f e rence m e t h o d a n d u p w i n d 
s c h e m e for t h e a d v e c t i o n t e r m i n t h e p r e s e n t m o d e l , two coe f f i c i en t s o f 3 / 10 
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for E q u a t i o n 2 . 2 . 3 7 a n d 2 / 3 for E q u a t i o n 2 . 2 . 3 8 ( L i n a n d L i u 1998) we r e 
e m p l o y e d to e n s u r e t h e p r a c t i c a l s t a b i l i t y i n t h e c o m p u t a t i o n . 
2.2.7 Computational procedure 
B y d e c o m p o s i n g t h e i n s t a n t a n e o u s v e l o c i t y a n d p r e s s u r e fields i n t o t h e 
m e a n a n d t u r b u l e n t c o m p o n e n t s , t h e R A N S - V O F m o d e l s o l v e s t h e 2 D 
R e y n o l d s A v e r a g e d N a v i e r - S t o k e s e q u a t i o n s w i t h t h e finite d i f f e r ence t w o -
s tep p r o j e c t i o n m e t h o d ( C h o r i n , 1 9 6 8 , 1969 ) . T h e first s t ep i s to i n t r o d u c e a 
t en ta t i v e v e l o c i t y w i t h o u t th e p r e s s u r e g r a d i e n t t e r m . 
~n+i 
Ui - < 
At 
du" 1 d 





+ gi (2 .2.39) 
In the s e c o n d s t ep , the t e n t a t i v e v e l o c i t y i s p r o j e c t e d o n t o a d i v e r g ence -
free p l a n e to o b t a i n t h e final v e l o c i t y . 
u-^-ur 1 dp 
At p" dx, 
(2.2.40) 
S i n c e t h e p r e s s u r e field i s u n k n o w n i n e q u a t i o n (2 .2 .40) , the final v e l o c i t y 
i s o b t a i n e d b y s o l v i n g the p r e s s u r e P o i s s o n e q u a t i o n (2.2.41) . T h e p r e s s u r e 
P o i s s o n e q u a t i o n i s d e r i v e d b y t a k i n g t h e d i v e r g e n c e of e q u a t i o n (2 .2.40) a n d 
a p p l y i n g e q u a t i o n (2.2.1) to the r e s u l t i n g e q u a t i o n . 
1 dui 
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B o t h t h e R e y n o l d s e q u a t i o n s a n d t h e k-e t r a n s p o r t e q u a t i o n s are s o l v e d 
b y d i s c r e t i z i n g t h e c o n v e c t i o n t e r m s with t h e c o m b i n e d c e n t r a l d i f f e rence 
m e t h o d a n d u p w i n d m e t h o d . T h e c e n t r a l d i f f e rence m e t h o d i s u s e d for t h e 
d i f f u s i o n , p r o d u c t i o n , a n d d i s s i p a t i o n t e r m s . T h e t i m e d e r i v a t i v e s a r e 
d i s c r e t i z e d b y u s i n g f o r w a r d t i m e d i f f e rence . T h e t i m e s t e p s c h e m e w a s 
u s u a l l y a d o p t e d the e x p l i c i t s c h e m e i n p r e v i o u s w o r k ( L i n a n d L i u , 1 9 9 8 ; L i u 
et a l . , 1 9 9 9 ; H s u et a l . , 2 0 0 2 ; G a r c i a et a l . , 2 0 0 4 ; H i e u a n d T a n i m o t o , 2 0 0 6 ; 
K a r i m a n d T i n g s a n c h a l i , 2 0 0 6 ; L a r a et a l . , 2 0 0 6 ) . T h e c o m p l e t e p r o c e s s e s o f 
R A N S - V O F m o d e l a r e s u m m a r i z e d i n F i g u r e 2 . 2 . 2 . 
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Create the problem setup, set the initial 
conditions and wave inputs 
Generate meshes and set the 
initial boundary conditions 
Yes 
Compute the tentative velocities 
and apply the boundary 




Update the pressure field, obtain the 
final velocities and apply the 
boundary conditions 
i 
Update k and £ value and the VOF 
function using final velocities 
i ~ 
Apply the boundary condition 
Output the Instantaneous VOF function, 
openness coefficient, velocities, pressure, 
turbulence parameters in the whole domain 
Move to next time step 
C End ) 
Figure 2.2.2 Flow chart of computational processes of RANS-VOF model 
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2.3 Model Improvements 
T h e R A N S - V O F m o d e l d e s c r i b e d above i s v^^idely u s e d i n c o a s t a l 
e n g i n e e r i n g . A l t h o u g h t h i s m o d e l i s c a p a b l e o f s i m u l a t i n g w a v e - s t r u c t u r e 
i n t e r a c t i o n s , s e v e r a l a s p e c t s c o u l d be i m p r o v e d to i n c r e a s e t h e a c c u r a c y of 
n u m e r i c a l r e s u l t s a n d c a p a b i l i t y i n h a n d l i n g the s i m u l a t i o n s o f wave 
o v e r t o p p i n g . 
2.3.1 PLIC-VOF surface capturing scheme 
T h e V O F m e t h o d i n t h e R A N S - V O F m o d e l u s e d t h e p i e c e w i s e c o n s t a n t 
r e c o n s t r u c t i o n a l g o r i t h m o f H i r t a n d N i c h o l s (1981) . T h i s a l g o r i t h m i s n o t 
a b l e to o b t a i n t h e a c c u r a t e l o c a t i o n s o f s u r f a c e i n t e r f a c e s , w h i c h d i r e c t l y 
a f f ec t t h e c o m p u t a t i o n of th e p r e s s u r e a n d t h e t a n g e n t i a l v e l o c i t i e s o n the 
free s u r f a c e . T h e m a i n r e a s o n i s t h a t i t a l w a y s o r i e n t a t e s free s u r f a c e 
i n t e r f a c e s p a r a l l e l t o h o r i z o n t a l o r v e r t i c a l b o u n d a r y o f c e l l s . T h e a l t e r n a t i v e 
i s to o r i e n t a t e free s u r f a c e i n t e r f a c e s i n a d i r e c t i o n p e r p e n d i c u l a r to t h e 
l o c a l l y e v a l u a t e d V O F g r a d i e n t . S u c h m e t h o d i s k n o w n a s p i e c e w i s e l i n e a r 
i n t e r f a c e c a l c u l a t i o n (PLIC) ( Y o u n g s , 1 9 8 2 ; A s h g r i z a n d Poo , 1 9 9 1 ; R i d e r a n d 
K o t h e , 1 9 9 8 ; L o p e z a e t a l . , 2 0 0 5 ) . T h u s , free s u r f a c e i n t e r f a c e s w i t h i n e a c h 
c e l l c a n a c q u i r e a n y o r i e n t a t i o n , a n d t h e g e o m e t r i c a l p ro f i l e o f t h e f l u i d c a n 
m o r e c l o s e l y r e p r e s e n t the a c t u a l f l u i d g eome t r y ( F i gure 2 .3 .1 ) . 
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Figure 2.3.1 Comparisons between Hirt and Nichols' V O F interface reconstruction, 
Youngs' PLIC interface reconstruction and actual interface (Delnoij et al., 1988). 
M o s t V O F a d v e c t i o n a l g o r i t h m s a r e n o t d e r i v e d d i r e c t l y f r o m E q u a t i o n s 
2 . 2 . 2 , 2 .2 .4 a n d 2 . 2 . 1 3 b u t a r e b a s e d o n a tw^o-stage p r o c e s s . F i r s t l y , free 
s u r f a c e i n t e r f a c e s a r e ' r e c o n s t r u c t e d ' f r o m the V O F d a t a ; s e c o n d l y , c h a n g e s 
i n V O F v a l u e s a r e c a l c u l a t e d b y i n t e g r a t i n g f l u i d f l u x e s ove r c e l l b o u n d a r i e s , 
u s i n g the g e o m e t r i c a l p ro f i l e to i n d i c a t e th e l o c a t i o n of f l u i d r e g i ons . I n o r d e r 
to a d v a n c e the s o l u t i o n o f E q u a t i o n 2 . 2 . 3 0 i n t i m e , i t i s f i rs t n e c e s s a r y to 
c o n s t r u c t a n a p p r o x i m a t i o n to the i n t e r f a c e g i v en the v a l u e s o f t h e v o l u m e 
f r a c t i o n s fij" a t t i m e t n = n A t . T h i s i s r e f e r r ed to a s th e i n t e r f a c e r e c o n s t r u c t i o n 
a l g o r i t h m . 
A n in t e r f ace r e c o n s t r u c t i o n a l g o r i t h m i n Y o u n g s (1982) i s u s e d . Y o u n g s ' 
V O F m e t h o d a p p r o x i m a t e s t h e i n t e r f a c e w i t h i n a c e l l b y a s t r a i g h t l i n e 
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s e g m e n t w i t h a s l o p e d e t e r m i n e d f r o m the in t e r f a c e n o r m a l . T h i s n o r m a l , i n 
t u r n , i s c a l c u l a t e d f r o m t h e g r a d i e n t o f the v o l u m e f r a c t i o n u s i n g a n i n e 
p o i n t s t e n c i l : 
+ (2 .3.42) 
T h e g r a d i e n t o f t h e v o l u m e f r a c t i o n s c a n be d i s c r e t i z e d b y f in i t e d i f f e r ence 







Z + (Xc, 
(2.3.46) 
//V ~ „ ifi-\j+\ +'^oAy+i fi+tj+\) (2.3.47) 
(2.3.48) 
w h e r e i s a free p a r a m e t e r . P a r k e r a n d Y o u n g s (1992) p r o p o s e d t h a t 
ffo = 2 s e e m s to g ive t h e b e s t r e s u l t s . 
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T h e l i ne s e g m e n t c u t s the c o m p u t a t i o n a l c e l l u n d e r c o n s i d e r a t i o n i n s u c h 
a w a y t h a t the f r a c t i o n a l f l u i d v o l u m e i s e q u a l to fij. T h e in t e r f ace n o r m a l 
c o m p u t e d i n Y o u n g s ' 2 D a l g o r i t h m w i l l r e p r o d u c e a l i n e , r e g a r d l e s s o f i t s 
o r i e n t a t i o n o n a n o r t h o g o n a l m e s h , a n d i s , the re f o r e , s e c o n d - o r d e r a c c u r a t e . 
T h e r e s u l t i n g f l u i d p o l y g o n i s t h e n u s e d to d e t e r m i n e the f l uxe s t h r o u g h a n y 
c e l l face w i t h a n o u t w a r d s d i r e c t e d v e l o c i t y . T h e m e t h o d d e s c r i b e d a b o v e i s 
u s e d i n t h i s s t u d y b e c a u s e o f i t s s u f f i c i e n t a c c u r a c y a n d r i g o r o u s v o l u m e 
(mass) c o n s e r v a t i o n , e s p e c i a l l y i n f l ow f i e lds w i t h a p p r e c i a b l e s p a t i a l a n d 
t e m p o r a l v a r i a t i o n s . 
In o r d e r to e x a m i n e the e f f i c i ency o f Y o u n g s ' V O F i n t e r f a c e r e c o n s t r u c t i o n , 
a c a s e w i t h r e g u l a r w a v e s w a s s i m u l a t e d b y t h e R A N S - V O F m o d e l . F i g u r e 
2 .3 .2 s h o w s o n the i n c i d e n t s i d e , c a l c u l a t e d s u r f a c e e l e v a t i on o f H i r t a n d 
N i c h o l s ' V O F i s c l o s e to t h a t o f Y o u n g s ' V O F . B o t h o f t h e m a r e i n a g o o d 
a g r e e m e n t w i t h t h e m e a s u r e m e n t s . T h i s m a y be b e c a u s e w a v e s a r e r e l a t i v e l y 
s t a b l e a n d d o n o t b r e a k , c o n s e q u e n t l y t h e free s u r f a c e i s r e g u l a r a n d e a s y to 
be c a p t u r e d . O n the t r a n s m i s s i o n s i d e , w a v e b r e a k i n g a n d o v e r t o p p i n g 
o c c u r s above the s t r u c t u r e , r e s u l t i n g i n m o r e t u r b u l e n c e g e n e r a t e d a n d 
t r a n s p o r t e d i n t h e f l u i d . The r e f o r e , t h e f l u i d b e c a m e m o r e a n d m o r e u n s t a b l e 
a n d free s u r f a c e b e c o m e s i r r e g u l a r a n d c o m p l e x . F i g u r e 2 . 3 . 2 b s h o w s t h a t 
m o d e l r e s u l t s c a l c u l a t e d b y Y o u n g s ' V O F a r e i n b e t t e r a g r e e m e n t w i t h 
m e a s u r e m e n t s t h a n t h o s e b y H i r t a n d N i c h o l s ' V O F , i n p a r t i c u l a r a t t h e 
h a r m o n i c s . T h i s i s b e c a u s e t h a t free s u r f a c e i n t e r f a c e s w i t h i n e a c h c e l l b y 
Y o u n g s ' V O F c a n be r e c o n s t r u c t e d i n a n y o r i e n t a t i o n r a t h e r t h a n o n l y 
h o r i z o n t a l o r v e r t i c a l d i r e c t i o n s . T h e g e o m e t r i c a l p ro f i l e o f t h e f l u i d c a n , 
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t h e r e f o r e , c l o s e l y r e p r e s e n t t h e a c t u a l free su r f a c e . The re f o r e , Y o u n g s ' V O F i s 
a b l e to p r o v i d e m o r e a c c u r a t e n u m e r i c a l r e s u l t s t h a n H i r t a n d N i c h o l s ' V O F . 
F i gu r e 2.3.2 C o m p a r i s o n s of the sur face e levat ion ca l cu la ted by H i r t a n d N i cho l s ' V O F a n d 
by Y o u n g s ' V O F a n d m e a s u r e m e n t s (a) o n the inc ident side (b) on the t r a n s m i s s i o n side of 
L C S . Wave he ight H=0 .10m, wave per iod T=1.6s, water dep th h=0 .35m a n d freeboard 
Rc=Om. 
2.3.2 Return flow system 
C o a s t a l s t r u c t u r e s a r e d e s i g n e d to a l l o w the t r a n s m i s s i o n a n d 
o v e r t o p p i n g o f a c e r t a i n a m o u n t o f the i n c i d e n t wave e n e r g y to t h e 
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t r a n s m i s s i o n s i de . I n m o s t 2 D l a b o r a t o r y e x p e r i m e n t s o f c o a s t a l s t r u c t u r e s , 
t h e o v e r t o p p i n g a n d t r a n s m i s s i o n give r i s e to a p i l i n g - u p of w a t e r i n t h e 
l e e s ide r e g i o n o f t h e s t r u c t u r e a n d h e n c e to a n i n c r e a s e o f the m e a n w a t e r 
l eve l . T h i s s e t u p o n the t r a n s m i s s i o n s i d e m o d i f i e s the d y n a m i c s o f t h e 
w a v e s i n t h i s r e g i o n a n d the f l ow c o n d i t i o n s i n t h e v i c i n i t y o f the b r e a k w a t e r . 
It forces a s t r o n g r e t u r n f low ove r t h e s t r u c t u r e w h i c h p e r t u r b s t h e w a v e 
b r e a k i n g p r o c e s s o n the s t r u c t u r e s e a w a r d s l ope a n d c r e s t , i n f l u e n c i n g t h e 
b r e a k e r t ype , p o s i t i o n a n d h e i g h t . I n r e a l c a s e s o f s h o r e p r o t e c t e d b y c o a s t a l 
s t r u c t u r e s , t h i s p h e n o m e n o n i s n o t o b s e r v e d , a s t h e p o t e n t i a l p i l i n g - u p 
b e h i n d t h e b r e a k w a t e r i s r e l i e v ed b y 3 D c i r c u l a t i o n s y s t e m s . P a r t o f t h e f l ow 
is t r a n s m i t t e d b a c k to the s e a w a r d s ide t h r o u g h the p e r m e a b l e s t r u c t u r e , 
b u t a g r ea t e r p r o p o r t i o n r e t u r n s to the o p e n s e a b y the s i d e s o f t h e 
b r e a k w a t e r , f o l l o w i n g p a t h w a y s o f l e s s e r r e s i s t a n c e ( open a r e a s w i t h n o 
b r e a k w a t e r s ) . I n th e e x p e r i m e n t s o f D E L O S p ro j e c t , a r e c i r c u l a t i o n s y s t e m 
w a s d e s i g n e d for p r e v e n t i n g t h i s u s u a l s h o r t c o m i n g c o n s i s t i n g o f a n o n -
r e a l i s t i c s e t - u p o n the t r a n s m i s s i o n s i de o f t h e c o a s t a l s t r u c t u r e s . 
T h e n u m e r i c a l s i m u l a t i o n s a l s o n e e d to s e t u p the c o n f i g u r a t i o n o f t h e 
r e c i r c u l a t i o n s y s t e m the s a m e a s e x p e r i m e n t s . T h e r e t u r n f low s y s t e m 
c o n s i s t s o f s e v e r a l s m a l l a p e r t u r e s o n the b o t t o m o f c o m p u t a t i o n a l d o m a i n 
( F i gure 2 .3 .3 ) . T h e s e a p e r t u r e s a l l o w the e x c e s s o f w a t e r i n the l e e w a r d z o n e 
d u e to w ave o v e r t o p p i n g to f l ow b a c k to th e s e a w a r d z one , b u t do n o t d i s t u r b 
the f low p a t t e r n o n e i t h e r s i d e o f s t r u c t u r e s . T h e d i r e c t i o n o f t h i s r e t u r n f l ow 
i s s h o w n b y the a r r o w s i n th e f i gure . T h e r e t u r n i n g f l ow i n t h e n u m e r i c a l 
f l u m e i s e x c l u s i v e l y f o r c ed b y the d i f f e rence o f w a t e r l eve l b e t w e e n the 
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s e a s i d e a n d l e e s i d e p a r t s o f t h e b r e a k w a t e r , a n d the re f o re h a s a n a t u r e - l i k e 
p a t t e r n . T h i s d e s i g n i s s i m i l a r to t h a t o f G a r c i a et a l . (2004 ) . 
5 6 7 8 9 10 11 12 13 14 
x(m) 
x(m) 
Figure 2.3.3 Wave height envelopes and mean water level during time interval 
from t=101s to t=120s with Rc=Om, (a) without flow recirculation, (b) with flow 
recirculation. Arrows stand for the direction of the return flow. Symbols represent the 
experimental data: 'o ' for maximum height; '• ' for mean height; '0' for min imum 
height. Spongy layer is located from x=Om to x=4m. 
I n o r d e r to e x a m i n e the e f f i c i ency o f t h i s r e t u r n f l ow p i p e , c a s e 2 i n T a b l e 
D 2 w a s s i m u l a t e d b y th e R A N S - V O F m o d e l . F i g u r e 2 . 3 . 3 s h o w s th e 
m a x i m u m a n d m i n i m u m w a v e h e i g h t enve l opes a n d the m e a n w a t e r l e ve l 
m e a s u r e d i n t h e l a b o r a t o r y (dots) a n d c a l c u l a t e d w i t h t h e n u m e r i c a l m o d e l 
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( l ines) . N u m e r i c a l d a t a r e s u l t f r o m a 10 -wave p h a s e - a v e r a g i n g , c o u n t e d f r o m 
1 0 0 s of s i m u l a t i o n to e n s u r e s t ab l e f low c o n d i t i o n s . A s c a n be s e e n i n t h i s 
f i gure , i n the c a s e w i t h o u t a r e c i r c u l a t i o n s y s t e m , t h e a g r e e m e n t b e t w e e n 
e x p e r i m e n t a l a n d n u m e r i c a l d a t a o n the i n c i d e n t s i d e i s good. H o w e v e r , o n 
the t r a n s m i s s i o n s ide , the m i n i m u m a n d m e a n wave h e i g h t s a r e 
o v e r e s t i m a t e d s i g n i f i c a n t l y ( F i gu r e 2 .3 .3a ) . T h i s i s m a i n l y d u e to t h e 
i n c r e a s i n g p i l e - u p o f w a t e r l eve l c o m i n g f r o m the o v e r t o p p i n g a n d 
t r a n s m i s s i o n p r o c e s s e s . W i t h o u t a r e c i r c u l a t i o n s y s t e m , t h e i n c r e a s i n g fluid 
v o l u m e c a n n o t be d r a i n e d u n t i l t h e w a t e r l eve l i s h i g h e r t h a n t h e c r e s t o f 
s t r u c t u r e s , w h e n the fluid c a n flow b a c k to t h e i n c i d e n t s i d e . 
O n the o t h e r h a n d , i n the c a s e w i t h a r e c i r c u l a t i o n s y s t e m , t h e m o d e l i s 
ab l e to s i m u l a t e a d e q u a t e l y t h e m a i n f e a t u r e s o f t h e p r o p a g a t i o n o f a w a v e 
t r a i n p a s s i n g over a ze ro f r e e b o a r d b r e a k w a t e r ( F i gure 2 .3 .3b ) . T h e b r e a k i n g 
i n d u c e d m e a n w a t e r l eve l d e c r e a s e s a t t h e o f f shore s i d e o f the b r e a k i n g p o i n t 
a n d t h e n i n c r e a s e s a t t h e o n s h o r e s i de . B e s i d e s , i n th e l e e w a r d z o n e , 
o v e r t o p p i n g o f the s t r u c t u r e c a n i n d u c e a n i n c r e a s e o f the m e a n w a t e r l eve l . 
A s c a n be s e e n i n the F i g u r e 2 . 3 . 3 b , t h i s s e t - u p i s c o r r e c t l y c o m p u t e d . A s a 
r e s u l t , a c o n c l u s i o n c a n be d r a w n t h a t the r e t u r n flow s y s t e m i m p r o v e s t h e 
c a p a b i l i t y o f R A N S - V O F m o d e l i n r e p r o d u c i n g the w a v e s a n d flow a r o u n d 
c o a s t a l s t r u c t u r e s . 
2.3.3 Wave overtopping algorithm 
T h e g o v e r n i n g p a r a m e t e r s i n v o l v e d i n wave o v e r t o p p i n g o ve r c o a s t a l 
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S t r u c t u r e s , s u c h a s s i g n i f i c a n t w a v e h e i g h t a n d p e a k p e r i o d a t t h e s e a w a r d 
toe o f s t r u c t u r e , t h e l a n d w a r d g r o u n d leve l , s t r u c t u r a l f r e e b o a r d , s t r u c t u r a l 
c r e s t w i d t h a n d s t r u c t u r a l s l o p e , t h e l ayer t h i c k n e s s a n d v e l o c i t y o n the 
s t r u c t u r a l c r e s t , w e r e f o u n d to be i m p o r t a n t i n w a v e o v e r t o p p i n g p r o c e s s 
( S c h u t t r u m p f a n d O u m e r a c i , 2 0 0 5 ; L y k k e A n d e r s e n a n d B u r c h a r t h , 2 0 0 6 ; 
v a n d e r M e e r et a l . , 2 0 0 9 ) . H i s t o r i c a l l y , s l o p i n g s e a d i k e s o r s e a w a l l s ( F i gu r e 
2 .3 .4 ) h a v e b e e n t h e m o s t w i d e l y u s e d o p t i o n for s e a d e f ences a l o n g t h e 
c o a s t s o f t h e N e t h e r l a n d , D e n m a r k , G e r m a n y a n d m a n y p a r t s o f t h e U K 
( E u r O t o p , 2 0 0 8 ) . B y c h a n g i n g the s e a w a r d s l ope , tan (a ) , the wave 
o v e r t o p p i n g m a y e x i s t f o l l o w i n g k e y p r o c e s s e s : n o n - b r e a k i n g o r b r e a k i n g 
w a v e s o v e r t o p p i n g o v e r a s e a w a l l , e v en a s l o p i n g s e a d i k e o r a v e r t i c a l s e a 
w a l l . 
Figure 2.3.4 Hornsea's seawall along the Holderness coast, UK (Source: 
http://picasaweb.google.com/lh/photo/YCUHTs8PXbwdasEuIh9NRg). 
A d e f i n i t i o n s k e t c h of t h e e m b a n k m e n t i s g i v e n i n F i g u r e 2 . 3 . 5 . T h e o r i g i n 
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o f c o o r d i n a t e s i s a t the l a n d w a r d e n d o f s t r u c t u r a l c r e s t w i t h x for h o r i z o n t a l 
a x i s a n d y for v e r t i c a l a x i s ; Hi a n d Tp, a r e i n c i d e n t s i g n i f i c a n t w a v e h e i g h t 
a n d p e a k p e r i o d a t the s e a w a r d toe o f s t r u c t u r e s ; Rc, B a n d tan(a) a r e t h e 
s t r u c t u r a l f r e eboa rd , c r e s t w i d t h a n d s l ope r e spe c t i v e l y . u,,j, Vi,j, Ax,, Ai/y a r e 
h o r i z o n t a l v e l oc i t y , v e r t i c a l v e l o c i t y , c e l l w i d t h a n d c e l l h e i gh t i n the c e l l (i, j) 
r e spec t i v e l y , UA.50% i s wave v e l o c i t y a t t h e c r e s t o f the s t r u c t u r e , e x c e e d e d b y 
5 0 % of the i n c o m i n g w a v e s ; HA i s the l a y e r t h i c k n e s s a t the c r e s t o f t h e 
s t r u c t u r e , hmeas r e p r e s e n t s the l a n d w a r d g r o u n d l eve l . 
Wave direction 
l y i^'J ^ C e l l ( i , j ) 
AX. 
-• *ri!A, 50% 








Landward ground level 
Figure 2.3.5 Slcetch of a sea wall and deHnitions of governing parameters involved 
in numerical simulations of wave overtopping. The rule of the cell indexes can be 
referred in Section2.2.5. 
T h e average o v e r t o p p i n g d i s c h a r g e i s u s u a l l y c a l c u l a t e d as th e r a t i o o f 
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c u m u l a t i v e o v e r t o p p i n g v o l u m e s to t h e s i m u l a t i o n t i m e . H o w e v e r , the e r r o r 
i n c a l c u l a t i n g o v e r t o p p i n g v o l u m e s f r o m V O F v a l u e s m a y a c c u m u l a t e a n d 
b e c o m e s i g n i f i c a n t i n n u m e r i c a l m o d e l l i n g . I n s t e a d , t h e o v e r t o p p i n g ra t e q(t) 
p e r u n i t l e n g t h o f t h e d i k e i s c a l c u l a t e d a s the p r o d u c t o f l a y e r t h i c k n e s s a n d 
o v e r t o p p i n g v e l o c i t y a t t h e o v e r t o p p i n g p o i n t {x=-B) ( S c h u t t r u m p f a n d 
O u m e r a c i , 2 0 0 5 ) . T h e ave rage o v e r t o p p i n g ra te , (x=-.^, w a s c a l c u l a t e d 
f r o m t=0 to t=to a s : 
\2 ^,.AO*Ay,*f,,*dt 
q , = ^ ^ atxii) = -B (2.3.49) 
0^ 
w h e r e Uijt) a n d Ayjare t h e h o r i z o n t a l v e l oc i t y a n d c e l l h e i g h t i n the c e l l (i, 
j) r e s p e c t i v e l y ( F i g u r e 2 .3 .5 ) . f.. i s t h e v a l u e o f V O F f u n c t i o n / o i n th e c e l l (i, 
j ) , jmax i s t h e m a x i m u m i n d e x o f c e l l s i n the v e r t i c a l d i r e c t i o n a n d to i s t h e 
s i m u l a t i o n t i m e . 
I n n u m e r i c a l m o d e l l i n g , t h e s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r 
b e h i n d t h e s t r u c t u r e s c a n be c a l c u l a t e d by : 
- f ^ = tS «^v(y ) = - / . _ (2.3.50) 
' v , , ( 0 * A x - , * y : , / ^ r 
0 •v(/)=0 
w h e r e V(xo)/Vt i s the p r o p o r t i o n o f o v e r t o p p i n g v o l u m e p a s s i n g xo. Vijt) 
a n d Ax , a r e t h e h o r i z o n t a l v e l o c i t y a n d c e l l w i d t h i n the c e l l (i, j) r e spec t i v e l y . 
imax i s t h e m a x i m u m i n d e x o f c e l l s i n the h o r i z o n t a l d i r e c t i o n , to i s the 
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s i m u l a t i o n t i m e a n d hmeas i s t h e l a n d w a r d g r o u n d l eve l ( F i gure 2 .3 .5 ) . 
2.3.4 Mass conservation of wave overtopping 
W a v e o v e r t o p p i n g w a t e r i s u s u a l l y i n th e f o r m s o f j e t s a n d s p l a s h b e h i n d 
the s t r u c t u r e s a n d these j e t s a n d s p l a s h a r e i r r e v e r s i b l e b a c k to t h e i n c i d e n t 
s i de . I n th e e x p e r i m e n t s , the m e a n w a t e r l e ve l r e m a i n s n e a r l y c o n s t a n t s i n c e 
th e l e n g t h o f flume i n f r on t o f o v e r t o p p i n g s t r u c t u r e s i s la rge e n o u g h , a n d 
the o v e r t o p p i n g v o l u m e i s , there fo re , r e l a t i v e l y t r i v i a l to the i n i t i a l w a t e r 
v o l u m e i n f r on t o f o v e r t o p p i n g s t r u c t u r e s . I n n u m e r i c a l s i m u l a t i o n s , t h e 
i r r e v e r s i b l e o v e r t o p p i n g w a t e r w i l l c a u s e t h e n o n - c o n s e r v e d m a s s o n the 
i n c i d e n t s i d e o f the s i m u l a t i o n d o m a i n . T h i s n o n - c o n s e r v e d m a s s w i l l 
a c c u m u l a t e a s i n c r e a s i n g s i m u l a t i o n t i m e u p to a l a rge v a l u e , l e a d i n g to t h e 
d e c r e a s i n g m e a n w a t e r l eve l a n d i n s t a b i l i t y o f s i m u l a t i o n s finally. A l t h o u g h 
la rge c o m p u t a t i o n d o m a i n i n f r on t o f o v e r t o p p i n g s t r u c t u r e s c o u l d m i t i g a t e 
th e effect o f n o n - c o n s e r v e d m a s s o n the s t a b i l i t y o f s i m u l a t i o n s , i t i n e v i t a b l y 
i n c r e a s e s th e c o m p u t a t i o n a l t i m e o f n u m e r i c a l s i m u l a t i o n s . 
T h e m a s s d i f f e rence o f o v e r t o p p i n g w a t e r b e t w e e n c a l c u l a t i o n s t e p n a n d 
p r e v i o u s c a l c u l a t i o n s t ep n - 1 , Am(n*A t ) , i s : 
/max J max 
Am(n*At)= £ Y^{f"ii,J)-f"'\i,j))*dx,.*dy,j (2 .3.51) 
xU)=-B j=\ 
w h e r e A t i s t i m e s t ep o f n u m e r i c a l s i m u l a t i o n s ; f^{i,i) a n d f^'^dj) s t a n d for 
the V O F f u n c t i o n i n the c e l l (i, j) a t t=n*At a n d t= (n- l ) *At r e spec t i v e l y ; imax 
a n d jmax are t h e m a x i m u m i n d e x e s o f c e l l s i n th e h o r i z o n t a l a n d v e r t i c a l 
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d i r e c t i o n s ; c o o r d i n a t e s c a n be r e f e r r ed i n F i g u r e 2 . 3 . 5 . 
C o n s i d e r i n g t h e n u m e r i c a l d i f f u s i o n s o c c u r r e d b e h i n d the s t r u c t u r e s , t h e 
Am{t) m a y be a n e g a t i v e v a l u e w i t h o u t the wave o v e r t o p p i n g . I n t h i s s i t u a t i o n , 
t h e Am(t ) w i l l b e a r t i f i c i a l l y d e f i n e d a s ze ro to a v o i d th e m a s s e r r o r s o n t h e 
i n c i d e n t s i d e . T h e r e f o r e , a d d i n g t h i s m a s s t e r m Am(t) i n t o th e s o u r c e 
f u n c t i o n i n E q u a t i o n (2 .2 .36) , we c a n o b t a i n t h e u p d a t e d s o u r c e f u n c t i o n to 
g e n e r a t e n e x t w a v e s w i t h m a s s c o n s e r v a t i o n : 
w h e r e C i s p h a s e v e l o c i t y o f t h e t a r ge t wave a n d A i s the a r e a o f i n t e r n a l 
s o u r c e r e g i o n . 
A s a m p l e o f t h i s m a s s d i f f e r ence i s s h o w n i n F i g u r e 2 . 3 . 6 . T h e m a s s 
d i f f e r e n c e i s s i m i l a r to the p u l s e i m p a c t , w i t h z e ro d i f f e rence a t m o s t o f t i m e 
b u t d r a m a t i c fluctuations a t s o m e t i m e s . T h i s i s m a i n l y d u e to t h e 
fluctuating n a t u r e o f w a v e s a n d w a v e r u n - u p o n the s t r u c t u r e . T h e m a s s 
d i f f e r e n c e i s v e r y s m a l l b y c o n s i d e r i n g t h e c o m p e n s a t i o n o f wav e o v e r t o p p i n g 
m a s s t h e i n c i d e n t s i d e o f c o a s t a l s t r u c t u r e s . T h e p e r c e n t a g e o f m a s s 
d i f f e r e n c e to t h e i n i t i a l m a s s i s s m a l l e r t h a n 5 % . The re f o r e , t h i s t e c h n i q u e 
i m p r o v e s t h e s t a b i l i t y of n u m e r i c a l s i m u l a t i o n , a s w e l l a s the a c c u r a c y o f 
s u r f a c e e l e v a t i o n s a n d flow p a r a m e t e r s . 





C H A P T E R 2 N U M E R I C A L M O D E L 
Figure 2.3.6 (a) Mass fluctuations on the incident side of overtopping structure 
and (b) mass difference of overtopping water, Am. mo is the initial mass and m is the 
mass at simulation time t= n*At. 
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CHAPTER 3 
PARAMETERISATION AND TRANSFORMATION OF 
WAVE ASYMMETRIES OVER LOW-CRESTED 
STRUCTURES (LCS) 
U n d e r s t a n d i n g t h e t r a n s f o r m a t i o n o f wave s h a p e s , d e s c r i b e d b y w a v e 
s k e w n e s s a n d a s y m m e t r y , o ve r c o a s t a l s t r u c t u r e s i s c r u c i a l i n t h e 
a s s e s s m e n t o f t h e f u n c t i o n a l i t y a n d s t a b i l i t y o f c o a s t a l a n d f l ood de f ence 
s c h e m e s . It i s a l s o c e n t r a l to the a p p l i c a t i o n a n d d e v e l o p m e n t o f p h y s i c a l l y -
b a s e d m o d e l s o f s e d i m e n t t r a n s p o r t t h a t a i m to s i m u l a t e the e v o l u t i o n o f 
c r o s s - s h o r e b e a c h p ro f i l e s . 
T h e a i m o f t h i s p r e s e n t w o r k i s to p a r a m e t e r i z e w a v e s k e w n e s s a n d w a v e 
a s y m m e t r y a n d to u n d e r s t a n d t h e i r t r a n s f o r m a t i o n ove r s m o o t h a n d r u b b l e 
m o u n d L o w - C r e s t e d S t r u c t u r e s ( LCS ) . A set o f e m p i r i c a l f o r m u l a e o f w a v e 
a s y m m e t r i e s w i l l be d e r i v e d for p r a c t i c a l u s e u s i n g l a b o r a t o r y d a t a s e t s 
c o l l e c t e d i n t h e D E L O S pro j ec t . B i s p e c t r a l a n a l y s i s w i l l be u s e d to i n v e s t i g a t e 
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the c o n t r i b u t i o n o f n o n l i n e a r i n t e r a c t i o n s b e t w e e n f r e q u e n c y c o m p o n e n t s o f 
w a v e s p e c t r u m to wave s k e w n e s s a n d a s y m m e t r y . 
T h i s c h a p t e r i n c l u d e s f o u r p a r t s : f i r s t l y , t h e s i g n i f i c a n c e o f wave s k e w n e s s 
a n d wave a s y m m e t r y , a n d p r e v i o u s w o r k a r e p r e s e n t e d ; f o l l owed b y d e r i v i n g 
a se t o f e m p i r i c a l f o r m u l a e of w a v e a s y m m e t r i e s a s f u n c t i o n s o f l o c a l w a v e 
p a r a m e t e r s f r o m l a b o r a t o r y d a t a s e t s c o l l e c t e d i n the D E L O S p ro j e c t ; 
B i s p e c t r a l A n a l y s i s i s i n t r o d u c e d n e x t to i n v e s t i g a t e t h e m a i n c o n t r i b u t i o n o f 
n o n l i n e a r i n t e r a c t i o n s b e t w e e n f r e q u e n c y c o m p o n e n t s o f wave s p e c t r u m to 
wave s k e w n e s s a n d a s y m m e t r y ; f i n a l l y a b r i e f s u m m a r y i s g i v en . 
3.1 Introduction 
It h a s l o n g b e e n r e c o g n i s e d t h a t w a v e s k e w n e s s a n d a s y m m e t r y a r e 
d i r e c t l y r e l a t e d to s e d i m e n t t r a n s p o r t a n d s u b s e q u e n t c h a n g e s i n b e a c h 
m o r p h o l o g y . I n m a n a n d B a g n o l d (1963) we r e t he f i r s t to a p p l y t h e c o n c e p t o f 
a s k e w e d v e l o c i t y f ie ld to t h e m o d e l l i n g o f b e a c h e q u i l i b r i u m ; B a g n o l d (1966) 
l a t e r a p p l i e d t h i s c o n c e p t to p r e d i c t t h e t o t a l b e d l o a d t r a n s p o r t . W i l s o n 
(1966) s h o w e d t h a t t h e n e t b e d - l o a d t r a n s p o r t r a t e i s p r o p o r t i o n a l to t h e 
t h i r d m o m e n t o f n e a r - b e d f r e e - s t r e a m ve l o c i t y . S u b s e q u e n t l y , h i g h e r 
m o m e n t s o f the v e l o c i t y f i e ld we re i n c o r p o r a t e d i n t o m o d e l s of t o t a l b e d l o a d 
t r a n s p o r t b y B o w e n (1980) a n d B a i l a r d a n d I n m a n (1981) . E l f r i n k e t a l . 
(1999) a n d D o e r i n g et a l . (2000) a n a l y z e d the i m p o r t a n c e o f v e l o c i t y 
s k e w n e s s o n c r o s s - s h o r e s e d i m e n t t r a n s p o r t . H a a s et a l . , (2008) f o u n d t h a t 
the a d v e c t i o n o f s e d i m e n t d u e to t h e s k e w e d wave v e l o c i t y i s large a n d i n t h e 
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d i r e c t i o n o f t h e w a v e s . It i s o p p o s i t e to the r e s u h s w i t h s i n u s o i d a l wave 
v e l o c i t i e s d u e to t h e i n c r e a s e i n t h e b o t t o m s h e a r s t r e s s u n d e r th e wave 
c r e s t s . F u h r m a n et a l . (2009) f o u n d t h a t w a v e s k e w n e s s h a s i m p o r t a n t 
o n s h o r e c o n t r i b u t i o n s o u t s i d e th e s u r f z one . R e s u l t s o f s t r e a m i n g i n d u c e d 
w i t h i n t h e w a v e b o u n d a r y l a y e r s h o w e d t h a t s k e w n e s s a n d a s y m m e t r y a re 
d e m o n s t r a t e d to p r o m o t e l a r g e l y o f f shore s t r e a m i n g v e l o c i t i e s . 
N i e l s e n (1992) n o t e d t h a t t h e o n s h o r e v e l o c i t y o f a p i t c h f o r w a r d w a v e 
i n c r e a s e s i n m a g n i t u d e f a s t e r t h a n the o f f shore v e l o c i t y , a n d the a s s o c i a t e d 
b o u n d a r y l a y e r h a s a s h o r t e r t i m e to deve l op . T h u s , t h e o n s h o r e v e l o c i t y 
g e n e r a t e s a t h i n n e r b o u n d a r y l a y e r a n d there fo re a l a r g e r s e d i m e n t 
t r a n s p o r t . D r a k e a n d C a l a n t o n i (2001) f o u n d t h a t d i f f e r ences i n a c c e l e r a t i o n , 
b e t w e e n t h e f r o n t a n d t h e b a c k o f a n a s y m m e t r i c wave , y i e l d h o r i z o n t a l 
p r e s s u r e g r a d i e n t s i n th e b o u n d a r y l a y e r , w h i c h a c t o n t h e n e a r - b e d f l u i d 
a n d s e d i m e n t . T h i s l e d N i e l s e n a n d C a l l a g h a n (2003) to c o n c l u d e t h a t t h e 
a c c e l e r a t i o n e f fects , a s s o c i a t e d w i t h the s a w - t o o t h a s y m m e t r y o f the f l u m e 
w a v e s , a c c o u n t for t h e g r ea t e s t p a r t o f the s e d i m e n t t r a n s p o r t . Hoe f e l a n d 
E l g a r (2003 ) o b s e r v e d t h a t o n s h o r e b a r m i g r a t i o n i s r e l a t e d to c r o s s - s h o r e 
g r a d i e n t s i n t h e s k e w n e s s o f v e l o c i t y a c c e l e r a t i o n s i f m e a n c u r r e n t s a r e 
r e l a t i v e l y w e a k . H s u a n d H a n e s (2004) e m p l o y e d a t w o - p h a s e m o d e l to s t u d y 
t h e e f fects o f w a v e s h a p e o n t h e t r a n s p o r t of c o a r s e - g r a i n e d s e d i m e n t i n th e 
s h e e t f l ow r e g i m e . E x a m i n a t i o n s o f t h e shee t f low r e s p o n s e to f low, f o r c i n g 
t y p i c a l o f a s y m m e t r i c a n d s k e w e d w a v e s , i n d i c a t e d a n e t s e d i m e n t t r a n s p o r t 
i n t h e d i r e c t i o n o f w a v e p r o p a g a t i o n . G o n z a l e z - R o d r i g u e z a n d M a d s e n (2007) 
64 
CHAPTER 3 PARAMETERISAT ION A N D T R A N S F O R M A T I O N OF W A V E A S Y M M E T R I E S 
p a r a m e t e r i z e t h e effects o f wave s h a p e o n s e a b e d s h e a r s t r e s s a n d b e d l o a d 
t r a n s p o r t . 
R e c e n t l y , R u e s s i n k et a l . (2009) f o u n d t h a t s e d i m e n t s e n t r a i n e d i n t o t h e 
flow d u r i n g a p a r t i c u l a r w a v e h a l f - c y c l e h a s n o t c o m p l e t e l y s e t t l e d be fo re 
flow r e v e r s a l a n d t e n d s to be t r a n s p o r t e d d u r i n g the n e x t h a l f - c y c l e . T h i s 
p h a s e - l a g effect e n h a n c e s ne t t r a n s p o r t r a t e s u n d e r o s c i l l a t o r y flow 
d o m i n a t e d b y v e l o c i t y a s y m m e t r y . D o n g a n d Z h a n g (2002) f o u n d t h a t t h e 
p h a s e - l a g b e t w e e n the free s t r e a m flow a n d p a r t i c l e c a n be s i m u l a t e d b y two 
p h a s e m o d e l s d e s c r i b e d i n D o n g a n d Z h a n g (1999) . A u s t i n et a l . (2009) 
f o u n d t h a t o n s h o r e - d i r e c t e d flow a c c e l e r a t i o n s u n d e r th e s teep f r on t face o f 
a s y m m e t r i c w a v e s we re s i g n i f i c a n t l y c o r r e l a t e d w i t h s e d i m e n t s u s p e n s i o n , 
w h i l s t t h e effects o f flow s k e w n e s s a n d b e d - v e n t i l a t i o n we re d i s c o u n t e d . A l s o 
v a n d e r A et a l . (2010) c o n f i r m e d t h a t n e t t r a n s p o r t i n a c c e l e r a t i o n - s k e w e d 
flow i s n o n - z e r o , i s a l w a y s i n th e d i r e c t i o n o f t h e l a r ges t a c c e l e r a t i o n a n d 
i n c r e a s e s w i t h i n c r e a s i n g a c c e l e r a t i o n s k e w n e s s b a s e d o n the e x p e r i m e n t a l 
s t u d y . 
C h r i s t o u et a l . (2008) c o n c l u d e d t h a t h i g h l y n o n l i n e a r p r o c e s s e s a r e 
i n v o l v e d i n th e e v o l u t i o n o f w a v e s p r o p a g a t i n g ove r a b r e a k w a t e r . T h e 
b i s p e c t r u m c a n d e t e r m i n e wave s k e w n e s s a n d a s y m m e t r y a r i s i n g f r o m 
wave -wave n o n l i n e a r i n t e r a c t i o n s . B i s p e c t r a l a n a l y s i s of p r e v i o u s s t u d i e s 
s h o w e d t h a t n o n l i n e a r i n t e r a c t i o n s i n c l u d i n g s e l f - i n t e r a c t i o n s , s u m a n d 
d i f f e rence i n t e r a c t i o n s d e t e r m i n e the a m p l i t u d e o f wav e s k e w n e s s a n d 
a s y m m e t r y (E l ga r a n d G u z a , 1 9 8 5 ; C r a w f o r d , 2 0 0 0 ; C r a w f o r d a n d H a y , 
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2 0 0 1 ) . B a s e d o n t h e b i s p e c t r a l a n a l y s i s of d a t a se ts for a n a t u r a l b e a c h , 
D o e r i n g a n d B o w e n (1995) d e r i v e d e m p i r i c a l r e l a t i o n s h i p s o f w a v e s k e w n e s s 
a n d a s y m m e t r y w i t h U r s e l l n u m b e r . H e r b e r s et al. (2003) u s e d a B o u s s i n e s q 
m o d e l to i n v e s t i g a t e t h e n o n l i n e a r t r a n s f o r m a t i o n o f t h e f r e q u e n c y -
d i r e c t i o n a l s p e c t r u m a n d b i s p e c t r u m o f s u r f a c e g r a v i t y w a v e s p r o p a g a t i n g 
o v e r a s u b m e r g e d s a n d b a r o n a b e a c h . T h e i r B o u s s i n e s q m o d e l p r e d i c t e d 
s u r f z o n e s k e w n e s s a n d a s y m m e t r y we l l . Z o u et a l . (2003) d e r i v e d t h e 
a n a l y t i c a l s o l u t i o n s o f wav e o r b i t a l v e l o c i t y for t h e en t i r e w a t e r c o l u m n ove r 
a s l o p i n g b o t t o m . B o t h t h e i r t h e o r y a n d o b s e r v a t i o n s s h o w e d t h a t t h e 
s k e w n e s s a n d a s y m m e t r y o f t h e v e r t i c a l v e l o c i t y a re s u b j e c t to s i g n i f i c a n t 
b o t t o m s l o p e e f fects , w h e r e a s t h o s e o f h o r i z o n t a l v e l o c i t y a r e no t . H o w e v e r , 
t h e s e s t u d i e s f o c u s e d o n w a v e s k e w n e s s a n d a s y m m e t r y o n n a t u r a l b e a c h e s ; 
t h e effect o f c o a s t a l s t r u c t u r e s o n w a v e s k e w n e s s a n d a s y m m e t r y h a s n o t 
b e e n i n v e s t i g a t e d . 
L o w - C r e s t e d S t r u c t u r e s ( LCS ) a r e i n c r e a s i n g l y r e g a r d e d b y c o a s t a l 
e n g i n e e r s a n d p l a n n e r s a s a v a l u a b l e a l t e r n a t i v e to m o r e c l a s s i c a l s u r f a c e -
p i e r c i n g a n d / o r h i g h - c r e s t e d s t r u c t u r e s . T h i s i s b e c a u s e the c o s t o f the 
b r e a k w a t e r s y s t e m i n c r e a s e s w i t h t h e i n c r e a s i n g h e i g h t o f b r e a k w a t e r s . 
F u r t h e r m o r e , L C S a r e m o r e a e s t h e t i c a n d do n o t s p o i l the c o a s t a l l a n d s c a p e , 
t h i s b e i n g i m p o r t a n t i n r e c r e a t i o n a l a n d r e s i d e n t i a l c o a s t a l d e v e l o p m e n t . 
B e t t e r u n d e r s t a n d i n g of t h e t r a n s f o r m a t i o n o f wav e s h a p e s o ve r L C S i s 
c r u c i a l i n t h e a s s e s s m e n t o f t h e f u n c t i o n a l i t y a n d s t a b i l i t y o f c o a s t a l a n d 
f l ood d e f e n c e s c h e m e s . P r e v i o u s s t u d i e s , howeve r , h a v e m a i n l y b e e n o n w a v e 
66 
CHAPTER 3 PARAMETERISAT ION A N D T R A N S F O R M A T I O N OF W A V E A S Y M M E T R I E S 
t r a n s m i s s i o n , r e f l e c t i on a n d wave s p e c t r a l c h a n g e ove r L C S ( V a n d e r M e e r et 
a l . , 2 0 0 0 ; V a n d e r M e e r et a l . , 2 0 0 5 ; W a n g et a l . , 2 0 0 7 ) . L i t e r a t u r e o n the 
t r a n s f o r m a t i o n o f wave s k e w n e s s a n d a s y m m e t r y ove r L C S i s s p a r s e . 
3.2 Experimental data 
D a t a w a s o b t a i n e d f r o m o b l i q u e t h r e e - d i m e n s i o n a l wave t r a n s m i s s i o n 
t e s t s i n th e m u l t i d i r e c t i o n a l wave b a s i n (18 .0 m x 12 .0 m x 1.0 m) a t A a l b o r g 
U n i v e r s i t y , D e n m a r k . D e t a i l e d d e s c r i p t i o n s a b o u t t h i s pro j ec t c a n be f o u n d 
i n A p p e n d i x D 2 . 
A s m o o t h m o u n d L o w - C r e s t e d B r e a k w a t e r , a n d a r u b b l e m o u n d L o w -
C r e s t e d B r e a k w a t e r , we r e t e s t ed . T h e c r o s s - s e c t i o n a n d l a y o u t s o f s m o o t h 
a n d r u b b l e m o u n d L C B s i n c l u d i n g p o s i t i o n s o f g a u g e s a r e g i v en i n F i g u r e D 2 . 
T h e t a r g e t i r r e g u l a r 3 - D w a v e s w e r e g e n e r a t e d u s i n g t h e p a r a m e t e r i s e d 
J O N S W A P s p e c t r u m a n d s p r e a d i n g f u n c t i o n o f c o s i n e d i s t r i b u t i o n w i t h 
s p r e a d i n g p a r a m e t e r s '=50 . L a y o u t s o f b r e a k w a t e r s w i t h 0°, 30° a n d 50° 
re l a t i v e to t h e wave g e n e r a t o r were u s e d to c o v e r a l a rge r a n g e o f w a v e 
i n c i d e n t a n g l e s . 
T a b l e 3 .2 .1 l i s t s a n o v e r a l l v i ew o f 1 6 8 w a v e b a s i n t r a n s m i s s i o n t e s t s 
u n d e r i r r e g u l a r w a v e s . T h e o b s e r v a t i o n s we r e m e a s u r e d f r o m t e n f i xed 
g a u g e s , five o f t h e m l o c a t e d o n the i n c i d e n t s i d e o f L C B s a n d t h e o t h e r five 
g a u g e s l o c a t e d o n the t r a n s m i s s i o n s i d e o f L C B s . E a c h r e c o r d w a s s a m p l e d 
a t 4 0 H z a n d w a s 9 0 - s e c o n d l o n g . A b a n d p a s s f i l t e r i n g (the u p p e r a n d l o w e r 
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c u t - o f f f r e q u e n c i e s a r e 5 a n d 0 .2 t i m e s t h e p e a k f r e q u e n c y respec t i ve l y ) w a s 
a p p l i e d to t h e m e a s u r e m e n t s to r e m o v e the n o i s e a n d s i g n a l w h i c h a r e 
s e p a r a t e d i n t h e t e m p o r a l f r e q u e n c y d o m a i n . 
Table 3.2.1 Overall view of test program in wave basin transmission tests 
Parameters Values 
No of tests 168 
Crest freeboard (m) 0.05, 0, -0.05 
Water depth (m) (rubble mound LCS) 0.20,0.25,0.30 
Water depth (m) (smooth LCS) 0.25,0.30,0.35 
Wave height (m) 0.06 to 0.22 
Wave steepness 0.02 to 0.058 
Wave peak period (s) 1.06 to 2.33 
Wave mean period (s) 0.9 to 1.8 
Incidence angles (°) Oto 60 
3.3 Transformation of Wave Skewness and Asymmetry 
over LCS 
A l t h o u g h t h e s k e w n e s s a n d t h e a s y m m e t r y of n e a r - b e d v e l o c i t i e s i s 
d i r e c t l y r e l a t e d to t h e s e d i m e n t t r a n s p o r t r a t h e r t h a n t h o s e o f s u r f a c e 
e l e v a t i o n s , i t i s d i f f i c u l t to m e a s u r e n e a r - b e d v e l o c i t i e s a n d m e a s u r e m e n t s 
h a v e b e e n d o n e m a i n l y for s u r f a c e e l e v a t i o n s . T h e s k e w n e s s a n d a s y m m e t r y 
o f n e a r - b e d v e l o c i t i e s r e la t e to t h o s e o f s u r f a c e e l e v a t i o n s t h r o u g h a t r a n s f e r 
f u n c t i o n ( Z o u et a l . , 2 0 0 3 ) . T h e s k e w n e s s , S , c a n be o b t a i n e d f r o m the t h i r d 
m o m e n t o f s u r f a c e e l e v a t i o n n o r m a l i z e d by the s e c o n d m o m e n t o f s u r f a c e 
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e l e v a t i o n s to t h e p o w e r o f 1.5: 
S = 3 (3.3.1) 
2 2 
w h e r e S r e p r e s e n t s wave s k e w n e s s , //, i s t h e t i m e se r i e s o f s u r f a c e 
e l e v a t i o n s , 77 i s t h e a v e r a g e d s u r f a c e e l e v a t i o n s , E[ ] is t h e e x p e c t e d v a l u e . 
E l g a r a n d G u z a (1985) p r o p o s e d t h a t w a v e a s y m m e t r y . A , c a n be 
c a l c u l a t e d a s th e s k e w n e s s o f H i l b e r t t r a n s f o r m ( O p p e n h e i m a n d S c h a f e r , 
1998) o f s u r f a c e e l e va t i ons^ , <^  . 
w h e r e A r e p r e s e n t s wave a s y m m e t r y , <^  i s t h e H i l b e r t t r a n s f o r m o f s u r f a c e 
e l e va t i ons , ^ i s the m e a n o f . 
A b a n d p a s s f i l t e r ( m i n i m u m f r e q u e n c y e q u a l s one f i f th o f p e a k f r e q u e n c y 
a n d m a x i m u m f r e q u e n c y e q u a l s five t i m e s o f p e a k f r equency ) w a s a p p l i e d to 
the c a l c u l a t e d a n d m e a s u r e d t i m e s e r i e s o f s u r f a c e e l e v a t i o n s . 
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Figure 3.3.1 Surface elevation measured in (a) gauge 2 on the incident side and (b) 
gauge 7 on the transmission side of smooth LCS. Freeboard is 0 m, incident wave 
height is 0.14 m, wave period is 2.12 s, water depth is 0.3 m and incident angle is 0°. 
A s s h o w n i n F i g u r e 3 . 3 . 1 , w a v e s a r e g ene ra l l y c h a r a c t e r i s e d b y a g r a d u a l 
p e a k i n g o f c r e s t s a n d f l a t t e n i n g o f t r o u g h s a t b o t h s i d e s o f b r e a k w a t e r s , a 
c h a r a c t e r i s t i c o f p o s i t i v e w a v e s k e w n e s s (E l ga r a n d G u z a , 1985 ) . A l s o , m o s t 
w a v e s p i t c h f o r w a r d o n t h e i n c i d e n t s ide , b u t p i t c h b a c k w a r d o n the 
t r a n s m i s s i o n s i d e , a c h a r a c t e r i s t i c o f nega t i ve a n d p o s i t i v e a s y m m e t r i e s 
r e s p e c t i v e l y . T h i s c h a n g e o f w a v e s h a p e f r o m the s e a w a r d s i de to t h e l e e w a r d 
s i d e o f L C S w a s f u l l y s u p p o r t e d b y the B i s p e c t r a l a n a l y s i s ( S e c t i o n 3.4) a n d 
n u m e r i c a l s i m u l a t i o n s ( S e c t i o n 4.4) . T h e t r a n s m i t t e d wave t r a i n h a s g r ea t e r 
h i g h f r e q u e n c y c o n t e n t t h a n the i n c i d e n t wave t r a i n , a s o b s e r v e d b y V a n d e r 
M e e r et a l ( 2005 ) . 
P a r a m e t e r s i n v o l v e d i n w a v e t r a n s m i s s i o n ove r L C S , s u c h a s i n c i d e n t 
w a v e h e i g h t ( p r e f e rab l y t h e v a l u e o f Hs at t h e l o c a t i o n o f g auge 1), i n c i d e n t 
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w a v e a n g l e s (a), I r i b a r r e n n u m b e r {§=tan{a)/(Sop)^-^, w h e r e tan(a ) i s t h e 
s e a s i d e s l ope o f s t r u c t u r e s a n d Sop i s t h e w a v e s t e e p n e s s i n d e e p wa t e r ) , 
s t r u c t u r a l f r e eboa rds {Rc), c r e s t w i d t h {B) a n d n o m i n a l d i a m e t e r s o f r u b b l e s 
{Dn5o), we r e f o u n d to be i m p o r t a n t i n w a v e t r a n s m i s s i o n p r o c e s s ( V a n d e r 
M e e r , et at, 2 0 0 5 ) . A d e f i n i t i o n s k e t c h i s g i v e n i n F i g u r e 3 . 3 . 2 . 
Figure 3.3.2 Deflnitions of governing parameters involved in wave transmission 
over LCS (Van der Meer et al., 2005). 
H o w e v e r , p a r a m e t e r s m e n t i o n e d above a r e g l o b a l a n d t h e i r e f fects o n 
w a v e - s t r u c t u r e i n t e r a c t i o n a r e r e f l e c t ed i n th e l o c a l w a v e p a r a m e t e r s . F o r 
i n s t a n c e , t h e effect o f i n c i d e n t w a v e a n g l e s i s m a i n l y o n the t r a n s m i s s i o n 
coe f f i c i ent , a n d c o n s e q u e n t l y the t r a n s m i t t e d w a v e h e i g h t s , w h i c h i s 
c o n s i s t e n t w i t h the c o n c l u s i o n s o f V a n d e r M e e r et a l . (2005) . I n a d d i t i o n , 
b a s e d o n the b i s p e c t r a l a n a l y s i s , E l g a r et a l . (1985) c o n c l u d e d t h a t w a v e 
a s y m m e t r i e s we r e d u e to se l f - s e l f i n t e r a c t i o n s , s u m f r e q u e n c y i n t e r a c t i o n s 
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a n d d i f f e r e n t f r e q u e n c y i n t e r a c t i o n s . The re f o r e , w a v e a s y m m e t r i e s a r e a 
m e a s u r e o f w a v e n o n l i n e a r i t y . T h e n o n l i n e a r i n t e r a c t i o n b e t w e e n two 
p r i m a r y w a v e t r a i n s c a n i n d u c e a s e c o n d - o r d e r S t o k e s w a v e t r a i n ( P h i l l i p s , 
1 9 6 0 ) , a n d U r s e l l n u m b e r (the r e l a t i v e wave h e i g h t t i m e s t h e r e l a t i v e 
w a v e l e n g t h s q u a r e d ) i s the e x p a n s i o n p a r a m e t e r for a S t o k e s w a v e t r a i n . 
T h u s t h e U r s e l l n u m b e r i n d i c a t e s t h e w a v e n o n l i n e a r i t y . A s a r e s u l t , we w i l l 
n e x t l o o k a t t h e r e l a t i o n s h i p b e t w e e n w a v e s k e w n e s s o r a s y m m e t r y a n d l o c a l 
U r s e l l n u m b e r , w h i c h h a s b e e n a p p l i e d to p a r a m e t e r i z e o r b i t a l v e l o c i t y 
a s y m m e t r i e s o f s h o a l i n g a n d b r e a k i n g w a v e s o n n a t u r a l b e a c h e s i n ( D o e r i n g 
a n d B o w e n , 1 9 9 5 ; D o e r i n g et a l . , 2 0 0 0 ) . A l t h o u g h i t h a s b e e n o b s e r v e d t h a t 
a g e n t l e r b e a c h l e a d s to m o r e s y m m e t r i c wave pro f i l e , t h i s s t u d y d o e s n o t 
c o n s i d e r t h e s l o p e ef fect o f L C S , s i n c e i n the D E L O S e x p e r i m e n t s th e s m o o t h 
L C B h a s o n l y o n e s e a s i d e s l o p e o f 1:3, a n d t h e r u b b l e m o u n d L C B h a s o n l y 
o n e s e a s i d e s l o p e o f 1:2 a s w e l l . 
V a n d e r M e e r (2005) p o i n t e d o u t t h a t m o r e ene r gy i s d i s t r i b u t e d a r o u n d 
h i g h e r f r e q u e n c i e s t h a n i n th e i n c i d e n t s p e c t r u m d u e to t h e effect o f wav e 
b r e a k i n g o v e r a l o w - c r e s t e d b r e a k w a t e r . A s a r e s u l t , a l t h o u g h the wave p e a k 
p e r i o d o n t h e t r a n s m i s s i o n s i d e (the reverse o f p e a k f r e q u e n c y o f w a v e 
s p e c t r u m ) i s c l o s e to wave p e a k p e r i o d o n the i n c i d e n t s i d e , t h e m e a n p e r i o d 
{Tmoi=2*K*mo/mi, w h e r e mo i s t h e z e ro o r d e r m o m e n t a n d mi i s t h e f i r s t 
o r d e r m o m e n t o f p o w e r s p e c t r u m ) m a y de c r ease c o n s i d e r a b l y . T a k i n g c a s e 
17 i n T a b l e D 2 for e x a m p l e . F i g u r e 3 .3 .3 s h o w s t h a t t h e p e a k o f p o w e r 
s p e c t r u m k e e p s t h e s a m e (fp=2.23Hz) w h e n w a v e p r o p a g a t e s f r o m i n c i d e n t 
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s ide to the t r a n s m i s s i o n s i de o f L C S . H o w e v e r , t h e m e a n p e r i o d Tmoi c h a n g e s 
f r o m 1.54s o n the i n c i d e n t s i d e to 1.3s o n the t r a n s m i s s i o n s ide . 
0 0 . 5 1 1.5 2 
f ( H z ) 
Figure 3.3.3 Power spectrum of surface elevation on the incident side and 
transmission side 
There fo re , a l o c a l U r s e l l n u m b e r c a l c u l a t e d w i t h p e a k p e r i o d d o e s n o t 
c o n t a i n the i n f o r m a t i o n o f wav e p e r i o d c h a n g e s ove r L C S , w h i c h 
d e m o n s t r a t e s th e ene r gy t r a n s f e r r i n g f r o m p e a k f r e q u e n c y to h i g h 
f r e q u e n c i e s ove r L C S (see F i g u r e 3 . 4 . 2 a n d F i g u r e 3 .4 .2 ) . W a v e m e a n p e r i o d 
i s u s e d to c a l c u l a t e t h e l o c a l U r s e l l n u m b e r i n s t e a d . T h u s , the d e f i n i t i o n o f 
l o c a l U r s e l l n u m b e r , Ur, i n the p r e s e n t w o r k i s : 
f / . = ^ (3.3.3) 
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w h e r e Hs i s d e f i n e d h e r e a s t h e a ve rage h e i g h t o f t h e h i g h e s t o n e - t h i r d o f 
t h e w a v e s i n 9 0 0 s e c o n d s for e a c h g a u g e , Lm i s t h e l o c a l m e a n w a v e l e n g t h 
c a l c u l a t e d b y t h e m e a n p e r i o d a n d h i s t h e l o c a l w a t e r d e p t h . 
•^ 0 20 40 60 80 100 120 
Ursell number 
Figure 3.3.4 Comparison between Equations 4.10 (solid line) and 4.11 (dash-dotted 
line) i n Doering and Bowen (1995) and DELOS data on the incident side of both 
smooth and rubble mound LCS . Note, the definition of Ursell number here is 
calculated by the peak period in order to keep the same as that in Doering and Bowen 
(1995). 
It c a n be e x p e c t e d t h a t w a v e s k e w n e s s o n the i n c i d e n t s i d e (S,) a n d 
a s y m m e t r y o n t h e i n c i d e n t s i d e (Ai) o f L C S w i l l s h o w a s i m i l a r r e l a t i o n s h i p 
w i t h r e s p e c t to t h e U r s e l l n u m b e r o n t h e i n c i d e n t s ide {Uri) a s t h a t o f w a v e 
s h o a l i n g o n a n a t u r a l b e a c h . D o e r i n g a n d B o w e n (1995) o b t a i n e d the 
r e l a t i o n s h i p b e t w e e n wave a s y m m e t r i e s a n d the U r s e l l n u m b e r , a n d a r g u e d 
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t h a t t h e a s y m m e t r i e s a t e a c h d e p t h a r e u n d e r s t r o n g l o c a l c o n t r o l . F i g u r e 
3 .3 .4 s h o w s t h a t t h e c o m p a r i s o n s b e t w e e n E q u a t i o n s 4 . 1 0 a n d 4 . 1 1 i n 
D o e r i n g a n d B o w e n (1995) a n d D E L O S d a t a o n the i n c i d e n t s i d e o f b o t h 
s m o o t h a n d r u b b l e m o u n d L C S . No te t h a t t h e U r s e l l n u m b e r i n D o e r i n g a n d 
B o w e n (1995) w a s c a l c u l a t e d b y p e a k p e r i o d a n d a l s o d i f f e ren t f r o m t h e 
p r e s e n t d e f i n i t i o n ( E q u a t i o n 3.3.3) b y a f a c t o r 3 / (32n) . F i g u r e 3 . 3 . 4 s h o w s 
t h a t t h e E q u a t i o n s d e r i v e d b y D o e r i n g a n d B o w e n (1995) u n d e r e s t i m a t e 
w a v e s k e w n e s s a n d a b s o l u t e a s y m m e t r y . It i s w o r t h m e n t i o n i n g t h a t 
E q u a t i o n s 4 . 1 0 a n d 4 . 11 i n D o e r i n g a n d B o w e n (1995) a r e e m p i r i c a l 
f o r m u l a e d e r i v e d f r o m field m e a s u r e m e n t s o f a n a t u r a l b e a c h i n t h e a b s e n c e 
o f c o a s t a l s t r u c t u r e s . 
3.3.1 Transformation of wave skewness and asymmetry over smooth 
LCS 
F i g u r e 3 . 3 . 5 a s h o w s t h a t wave s k e w n e s s i s p o s i t i v e a n d i n c r e a s e s r a p i d l y 
w i t h i n c r e a s i n g U r s e l l n u m b e r , a t t a i n s a m a x i m u m a n d t h e n s t a y s a r o u n d 
the m a x i m u m . W h i l e w a v e a s y m m e t r y fluctuates a r o u n d ze ro a t s m a l l U r s e l l 
n u m b e r , t h e n b e c o m e s nega t i v e a n d d e c a y s w i t h i n c r e a s i n g U r s e l l n u m b e r 
( F i gure 3 .3 .5c ) . T h e s e r e s u l t s a re s i m i l a r to t h o s e o f t h e n a t u r a l b e a c h 
( D o e r i n g a n d B o w e n , 1 9 9 5 ; D o e r i n g et a l . , 2 0 0 0 ) . B e c a u s e o f i t s s i m i l a r i t y to 
s a t u r a t i o n c h a r a c t e r i s t i c s , the r e l a t i o n s h i p b e t w e e n w a v e s k e w n e s s a n d 
a s y m m e t r y a n d the U r s e l l n u m b e r m a y be d e s c r i b e d b y a h y p e r b o l i c t a n g e n t 
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l a w . U s i n g t h e D E L O S d a t a , E q u a t i o n s 3 .3 .4 (the r a t i o o f t h e r e g r e s s i o n s u m 
o f s q u a r e s to t h e t o t a l s u m o f s q u a r e s , 0 .69) a n d E q u a t i o n s 3 . 3 . 5 
(i?2=0.84) a r e e s t a b h s h e d f r o m m e a s u r e m e n t s o n t h e i n c i d e n t s i d e w i t h l e a s t 
s q u a r e s f i t t i n g a n d p r o v i d e q u a n t i t a t i v e r e l a t i o n s h i p s b e t w e e n S, a n d Ai i n 
t e r m s o f Uri. T h e r a n g e o f U r s e l l n u m b e r o n the i n c i d e n t s i d e i s b e t w e e n 5 
a n d 4 3 . 
5. = 1 . 2 8 * t a n h ( ^ ^ ) + 0.10 (3.3.4) 
4 =:-1.53*tanh( J ) -1 .52 (3.3.5) 
It i s e x p e c t e d t h a t t h e r e l a t i o n s h i p b e t w e e n w a v e s k e w n e s s o n t h e 
t r a n s m i s s i o n s i d e (St) a n d w a v e a s y m m e t r y o n t h e t r a n s m i s s i o n s i de (Ai) 
e x p r e s s e d i n f o r m s o f the l o c a l U r s e l l n u m b e r o n the t r a n s m i s s i o n s i d e (L^rt) 
i s n o t s i m i l a r to t h a t o n the i n c i d e n t s i d e d u e to t h e p r e s e n c e o f L C S . 
F i g u r e 3 . 3 . 5 b s h o w s t h a t w a v e s k e w n e s s s t a y s a r o u n d ze ro a t s m a l l 
U r s e l l n u m b e r , t h e n i n c r e a s e s s l o w l y u p to a m a x i m u m v a l u e f r o m ze ro , 
f i n a l l y s t a r t s to d e c r e a s e s l o w l y . It i s i n t e r e s t i n g to o b s e r v e t h a t wave 
s k e w n e s s i s l a r g e r t h a n t h a t o n t h e i n c i d e n t s i d e u n d e r the s a m e U r s e l l 
n u m b e r ( F i g u r e 3 . 3 . 5 a a n d F i g u r e 3 .3 .5b ) . E l g a r a n d G u z a (1985) , C r a w f o r d 
(2000 ) a n d C r a w f o r d a n d H a y (2001) have s u g g e s t e d t h a t w a v e ene r gy a t 
h i g h f r e q u e n c i e s e n h a n c e s s u m f r e q u e n c i e s i n t e r a c t i o n s , there fo re 
g e n e r a t i n g m o r e p o s i t i v e s k e w n e s s , a n d t h i s c o u l d be a n e x p l a n a t i o n for o u r 
o b s e r v a t i o n . A s s h o w n i n F i g u r e 3 . 3 . 5 d , wave a s y m m e t r y i n c r e a s e s r a p i d l y 
76 
CHAPTER 3 PARAMETERISAT ION A N D TRANSFORMAT ION OF W A V E A S Y M M E T R I E S 
u p to m a x i m u m v a l u e f r o m zero t h e n d e c a y s s l o w l y w i t h i n c r e a s i n g U r s e l l 
n u m b e r . W a v e a s y m m e t r y o n the t r a n s m i s s i o n s i de a l s o h a s a m a x i m u m 
v a l u e c o m p a r i n g w i t h t h a t o n the i n c i d e n t s i d e . T h e e m p i r i c a l E q u a t i o n s 
3 . 3 . 6 a n d 3 . 3 . 7 a r e d e r i v e d f r o m t h e m e a s u r e m e n t s o n the t r a n s m i s s i o n s i d e 
u s i n g l e a s t s q u a r e s f i t t i n g to r e l a t e St a n d At to Un. P r e d i c t i o n s agree w e l l 
w i t h o b s e r v a t i o n s for w a v e s k e w n e s s {R^=0.70) a n d r e a s o n a b l y w e l l for w a v e 
a s j n n m e t r y {R^=0.62). A s s e e n i n F i g u r e 3 . 3 . 5 , for l a rge U r s e l l n u m b e r o n t h e 
t r a n s m i s s i o n s i d e o f L C S , wave s k e w n e s s for i n c i d e n t a n g l e p=0° i s s m a l l e r 
b u t w ave a s y m m e t r y i s l a r g e r t h a n t h o s e for i n c i d e n t a n g l e s (3=30° a n d 50° . 
T hes e d i f f e ren t w a v e s k e w n e s s a n d a s y m m e t r y d u r i n g o b l i q u e w a v e 
p r o p a g a t i o n ove r L C S c a u s e s c a t t e r s i n t h e r e l a t i o n s h i p b e t w e e n w a v e 
s k e w n e s s a n d a s y m m e t r y a n d l o c a l U r s e l l n u m b e r . T h i s i s m a i n l y b e c a u s e 
n o r m a l i n c i d e n t wave ene r gy i s r e d u c e d b y t h e s t r o n g re f l ec ted w a v e f r o m 
L C S , w h i l e o b l i q u e w a v e s face l e s s r e s i s t a n c e f r o m re f l ec ted w a v e s w h e n t h e y 
p r o p a g a t e over L C S . The re f o r e , t h e c a s e s w i t h n o r m a l i n c i d e n t w a v e h a v e 
l e ss t r a n s m i t t e d wave e n e r g y a n d l e s s s u m n o n l i n e a r i n t e r a c t i o n s , l e a d i n g to 
s m a l l w av e s k e w n e s s a n d l a rge po s i t i v e a s y m m e t r y ( S e c t i o n 3.4) . It s h o u l d 
be s t a t e d t h a t t h e r a n g e of U r s e l l n u m b e r o n the t r a n s m i s s i o n s i d e i s 
b e t w e e n 0 . 0 5 a n d 1 2 . 5 . 
S, =-1.25*tanh( 
3.19 
) + 1.23 (3.3.6) 
4 =-0.015 *c/„' + 0.19*^7^-0.05 (3.3.7) 
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Incident side Transmission side 
T 1 1 1 n I 1—I 1 — r 
Ursell number Ursell number 
Figure 3.3.5 Relationship between wave skewness (a and b) and asymmetry (c and 
d) and Ursell number on the incident side (left panel) and the transmission side (right 
panel) of smooth LCS . Solid line is predicted by Equations 3.3.4 for (a), Equations 
3.3.5 for (c), Equations 3.3.6 for (b) and Equations 3.3.7 for (d). 
T o d e m o n s t r a t e t h e v a l i d i t y t h e e f f i c i ency o f E q u a t i o n 3 . 3 . 3 , a d e t a i l e d 
c o m p a r i s o n o f t h e d e p e n d e n c e o f w a v e s k e w n e s s o n U r s e l l n u m b e r w i t h p e a k 
w a v e l e n g t h a n d m e a n w a v e l e n g t h c a n be f o u n d i n F i g u r e 3 . 3 . 6 . P r e d i c t i o n s 
a r e c a l c u l a t e d b y f o r m u l a e i n f o r m of E q u a t i o n 3 . 3 . 6 u s i n g the l e a s t s q u a r e s 
r e g r e s s i o n . R e g r e s s i o n r e s u l t s s h o w t h a t t h e R - s q u a r e i s 0 . 6 3 for U r s e l l 
n u m b e r w i t h p e a k w a v e l e n g t h , a n d R - s q u a r e i s 0 .71 for U r s e l l n u m b e r w i t h 
m e a n w a v e l e n g t h . The r e f o r e , a c o n c l u s i o n c a n be d r a w n t h a t U r s e l l n u m b e r 
w i t h m e a n w a v e l e n g t h i s a be t t e r g o v e r n i n g p a r a m e t e r to d e s c r i b e wave 
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s k e w n e s s a n d a s y m m e t r y o n the t r a n s m i s s i o n s i d e o f L C S , w h e r e th e r e i s a 
b r o a d s p e c t r u m . 
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Figure 3.3.6 Comparisons of the dependence of wave skewness on Ursell number 
with (a) peak wavelength and (b) mean wavelength on the transmission side. Symbols 
represent the measurements; dashed lines stand for measurements equal predictions. 
Predictions are calculated by the best-fitted expressions in form of Equation 3.3.6. 
3.3.2 Transformation of wave skewness and asymmetry over rubble 
mound LCS 
T h e w a t e r d e p t h s u s e d i n th e r u b b l e m o u n d L C S a r e 0 . 0 5 m s m a l l e r t h a n 
t h o s e o f s m o o t h L C S , the n o m i n a l d i a m e t e r o f t h e u n i t s i n the r u b b l e m o u n d 
L C S i s Dn50=0.047 m , a n d the s e a s i d e s l ope i s 1:2 for r u b b l e m o u n d L C S , 
w h e r e a s i t i s 1:3 for s m o o t h L C S . 
F i g u r e 3 . 3 . 7 a a n d F i g u r e 3 . 3 . 7 c s h o w s t h a t t h e r e l a t i o n s h i p s o f r u b b l e 
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m o u n d L C S b e t w e e n wave a s y m m e t r i e s a n d U r s e l l n u m b e r a re s i m i l a r to 
t h o s e o f s m o o t h L C S o n t h e i n c i d e n t s i d e . T h i s m a y be d u e to t h e r e f l e c t i on 
f r o m b o t h L C S i s m i n i m i z e d w i t h i n c l i n e d s t r u c t u r e s i n o r d e r to f o c u s o n 
w a v e t r a n s m i s s i o n i n the d e s i g n o f t h e D E L O S p ro j e c t ( V a n d e r M e e r , 2 0 0 5 ; 
K r a m e r , 2 0 0 5 ) . E q u a t i o n s 3 . 3 . 8 a n d 3 . 3 . 9 , d e r i v e d b y l e a s t s q u a r e s f i t t i ng , 
s p e c i f y t h e s e r e l a t i o n s h i p s w i t h = 0 . 6 4 a n d R^ = 0 . 8 4 for wave s k e w n e s s 
a n d a s y m m e t r y r e s p e c t i v e l y . T h e r a n g e o f U r s e l l n u m b e r o n the i n c i d e n t s i d e 
i s b e t w e e n 6 a n d 6 6 . C o m p a r i s o n s b e t w e e n E q u a t i o n s 3 . 3 . 8 a n d 3 .3 .9 o f 
r u b b l e m o u n d L C S a n d E q u a t i o n s 3 .3 .4 a n d 3 . 3 . 5 of s m o o t h L C S a re s h o w n 
i n t h e F i g u r e 3 . 3 . 7 . 
5, = - 1 1 . 3 2 * t a n h ( ^ ) + 1.17 (3.3.8) 
^ ri 
_ 1 c 
4 =-1.23*tanh( J ) -1 .16 (3.3.9) 
W e w i l l n e x t e x a m i n e t h e r e l a t i o n s h i p s b e t w e e n wave s k e w n e s s a n d 
a s y m m e t r y a n d U r s e l l n u m b e r o n the t r a n s m i s s i o n s ide of r u b b l e m o u n d 
L C S . F i g u r e 3 . 3 . 7 b s h o w s t h a t w a v e s k e w n e s s s t a y s a r o u n d ze ro a t s m a l l 
U r s e l l n u m b e r , t h e n i n c r e a s e s s l o w l y u p to a m a x i m u m v a l u e f r o m ze ro , 
f i n a l l y b e g i n s to d e cay . W a v e a s y m m e t r y i n c r e a s e s q u a d r a t i c a l l y w i t h 
i n c r e a s i n g U r s e l l n u m b e r f r o m a p p r o x i m a t e l y z e ro , r e a c h e s the m a x i m u m of 
w a v e s k e w n e s s , t h e n d e c a y s q u a d r a t i c a l l y l o w to nega t i v e v a l u e s (F i gure 
3 . 3 . 7d ) . T h e r e c o m m e n d e d f o r m u l a e for r u b b l e m o u n d L C S a re : 
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5 = 2.97 * t a n h ( - ^ ) + 3.04 (3.3.10) 
4 =-0.015 0.22* 0.41 (3.3.11) 
w h e r e R2 i s 0 . 7 2 for E q u a t i o n 3 . 3 . 1 0 a n d 0 . 5 4 for E q u a t i o n 3 . 3 . 1 1 . T h e 
a p p l i c a b l e r a n g e of U r s e l l n u m b e r o n t h e t r a n s m i s s i o n s i de i s 1.5 to 15 . T h i s 
a p p l i c a b l e r a n g e o f U r s e l l n u m b e r i s l a r g e r t h a n t h a t for s m o o t h L C S , a n d i t 
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Figure 3.3.7 Relationship between wave skewness (a and b) and asymmetry (c and 
d) and Ursell number on the incident side (left panel) and the transmission side (right 
panel) of rubble mound LCS. Solid line is predicted by EU^uation 3.3.8 for (a). Equation 
3.3.9 for (c), Equation 3.3.10 for (b) and Equation 3.3.11 for (d). The dash-dotted lines 
are predicted using Equation 3.3.4 for (a), Ek[uation 3.3.5 for (c). Equation 3.3.6 for (b) 
and Equation 3.3.7 for (d) respectively. 
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F i g u r e 3 . 3 . 7 s h o w s c o m p a r i s o n s b e t w e e n E q u a t i o n s 3 . 3 . 1 0 a n d 3 . 3 . 11 of 
r u b b l e m o u n d L C S a n d E q u a t i o n s 3 . 3 .5 a n d 3 .3 .7 o f s m o o t h L C S . 
P r e d i c t i o n s o f w a v e a s j n n m e t r i e s o n the t r a n s m i s s i o n s i de for r u b b l e m o u n d 
L C S a r e s m a l l e r t h a n t h o s e o f s m o o t h L C S , a l t h o u g h t h e y a r e b o t h a r o u n d 
z e r o v a l u e s a t s m a l l U r s e l l n u m b e r s . T h i s m a y be d u e to the r o u g h n e s s a n d 
p o r o s i t y o f t h e s t r u c t u r e , c a u s i n g e n e r g y d i s s i p a t i o n , w h i c h c o n s e q u e n t l y 
d e c r e a s e s w a v e n o n l i n e a r i n t e r a c t i o n s a n d gene ra t e s s m a l l wave 
a s y m m e t r i e s . 
It i s o b v i o u s to o b s e r v e t h a t w a v e s k e w n e s s a n d a s y m m e t r y s t r o n g l y 
d e p e n d o n l o c a l U r s e l l n u m b e r o n t h e t r a n s m i s s i o n s i de for r u b b l e m o u n d 
L C S , w h i l e t h e r e a r e s o m e s c a t t e r s for s m o o t h L C S i n F i g u r e 3 . 3 . 5 . T h i s i s 
b e c a u s e r u b b l e m o u n d L C S h a s s m a l l r e f l e c t i on coe f f i c i ents d u e to i t s 
p e r m e a b i l i t y . S i n c e w a v e s k e w n e s s a n d a s y m m e t r y a r e r e l a t e d to n e t 
s e d i m e n t t r a n s p o r t , t h e i n v e s t i g a t i o n s above p r o v i d e effective w a y s to p r e d i c t 
w a v e a s y m m e t r i e s , w h i c h m a y h e l p i n c o r p o r a t e wave a s y m m e t r i e s i n t o 
a n a l y t i c o r n u m e r i c a l m o d e l s o f t h e s e d i m e n t t r a n s p o r t , c o n s e q u e n t l y m a y 
h e l p i m p r o v e t h e s t a b i l i t y o f b r e a k w a t e r s a n d d e c r e a s e s e d i m e n t t r a n s p o r t . 
3.3.3 Relationships of wave asymmetries between both sides of LCS 
A l t h o u g h w a v e s k e w n e s s a n d a s y m m e t r y a re s t r o n g l y r e l a t e d to l o c a l 
U r s e l l n u m b e r a s d i s c u s s e d above , i t is w o r t h w h i l e i n v e s t i g a t i n g t h e 
r e l a t i o n s h i p s o f w a v e a s y m m e t r i e s b e t w e e n b o t h s i d e s o f L C S . T h i s h e l p s 
u n d e r s t a n d t h e effect of t h e p r e s e n c e o f L C S o n wave t r a n s f o r m a t i o n over 
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L C S . 
F i g u r e 3 . 3 . 8 s h o w s t h a t for s m o o t h L C S , wave s k e w n e s s o n the 
t r a n s m i s s i o n (St) s i d e s t a y s a r o u n d z e ro , a n d t h e n h a s w e a k l y l i n e a r 
i n d e p e n d e n t o n w a v e s k e w n e s s o n the i n c i d e n t s i d e (S,), w h i l e w a v e 
a s y m m e t r y o n the t r a n s m i s s i o n s i de (At) h a s w e a k l y q u a d r a t i c i n d e p e n d e n c e 
o n wave a s y m m e t r y o n the i n c i d e n t s i d e (A,). T h e effect o f t h e r e l a t i v e 
f r e eboa rd o n the r e l a t i o n s h i p s of w a v e a s y m m e t r i e s b e t w e e n b o t h s i d e s o f 
L C S i s n o t s i g n i f i c a n t . W a v e s k e w n e s s r e t a i n s a po s i t i v e s i g n o n b o t h s i d e s 
b u t a s y m m e t r y c h a n g e s f r o m nega t i v e o n t h e i n c i d e n t s i d e to po s i t i v e o n the 
t r a n s m i s s i o n s i d e . F o r r u b b l e m o u n d L C S , w a v e s k e w n e s s o n the 
t r a n s m i s s i o n s i d e s h o w s l i n e a r d e p e n d e n c e o n wave s k e w n e s s o n t h e 
i n c i d e n t s i d e , a n d wave a s y m m e t r y o n the t r a n s m i s s i o n s ide d i s p l a y s a 
w e a k l y q u a d r a t i c d e p e n d e n c e o n w a v e a s y m m e t r y o n the i n c i d e n t s i d e . T h e 
effect o f t h e r e l a t i v e f r e e b o a r d o n the r e l a t i o n s h i p s of w a v e a s y m m e t r i e s o n 
b o t h s i d e s o f L C S i s s i g n i f i c a n t : u n d e r th e s a m e of S, o r At, l a r ge r e l a t i v e 
f r e eboa rds c o r r e s p o n d to s m a l l St o r At r e spec t i v e l y . T h i s i s d u e to a 
c o n s i d e r a b l e i n c r e a s e i n th e i n t e n s i t y o f w a v e b r e a k i n g as th e r e l a t i v e 
f r e eboa rd i n c r e a s e d ( B l e n k i n s o p p a n d C h a p l i n , 2 0 0 8 ) , c o n s e q u e n t l y m o r e 
ene rgy i s d i s s i p a t e d , w h i c h d e c r e a s e s w a v e n o n l i n e a r i n t e r a c t i o n s a n d 
g ene ra t e s s m a l l w a v e a s y m m e t r i e s . F i g u r e 3 . 3 . 8 s h o w s t h a t wave s k e w n e s s 
o n the i n c i d e n t s i d e i s m o s t l y l a r g e r t h a n t h a t o n t h e t r a n s m i s s i o n s i d e , 
w h i c h i s m a i n l y d u e to the d e c r e a s e d w a v e h e i g h t a n d l o c a l U r s e l l n u m b e r . 
S m a l l m a g n i t u d e s o f wav e a s y m m e t r y o n b o t h s i d e s o f L C B s a r e 
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a p p r o x i m a t e l y e q u a l , b u t l a r ge m a g n i t u d e s of wave a s y m m e t r y o n the 
i n c i d e n t s i d e c o r r e s p o n d to s m a l l wav e a s y m m e t r y o n the t r a n s m i s s i o n s i de . 
T h i s i s b e c a u s e w a v e s w i t h l a rge nega t i v e a s y m m e t r y h a s s t eep f r on t s l ope 
a n d e a s y to be b r o k e n , s u b s e q u e n t l y l e a d i n g to s m a l l t r a n s m i t t e d wave 
e n e r g y . T h e s i g n o f w a v e a s y m m e t r y c h a n g e s f r o m nega t i v e to pos i t i v e , 
c o r r e s p o n d i n g to w a v e s p i t c h i n g f o r w a r d to p i t c h i n g b a c k w a r d (F i gure 3 .3 .1 ) . 
T h i s i s c o n s i s t e n t w i t h p r e v i o u s r e s e a r c h r e s u l t s over a s u b m e r g e d s a n d b a r 
o n a b e a c h ( H e r b e r s et a l . , 2 0 0 3 ) . No te t h a t H e r b e r s et a l . ' s d e f i n i t i o n o f wav e 
a s y m m e t r y h a s t h e o p p o s i t e s i g n to t h a t i n the p r e s e n t w o r k a n d a l s o to t h a t 
o f E l g a r a n d G u z a (1985 ) . 
-1 -0.8 -0.6 -0.4 -0.2 
A. 
Figure 3.3.8 Relationships of wave asymmetries between both sides of LCS. (a) 
wave skewness of smooth LCS, (b) wave asymmetry of smooth LCS, (c) wave skewness 
of rubble mound L C S and (d) wave asymmetry of rubble mound LCS. Dotted line 
represents Si=St while Dashed line stands for At=-Ai. 
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3.4 Bispectral Analysis of Nonlinear Wave Interactions 
In the p r e s e n c e o f L C S , w a v e s r e t a i n s h a r p c r e s t a n d f lat t r o u g h o n b o t h 
s i d e s b u t c h a n g e f r o m p i t c h - f o r w a r d to p i t c h - b a c k w a r d , w h i c h i n t u r n m a y 
c h a n g e t h e d i r e c t i o n s i n w a v e i n d u c e d s e d i m e n t t r a n s p o r t , c o n s e q u e n t l y 
m o d i f y i n g the b e a c h m o r p h o l o g y a f te r c o n s t r u c t i o n o f L C S . T o b e t t e r 
u n d e r s t a n d i n g t h e t r a n s f o r m a t i o n o f w a v e a s y m m e t r i e s a n a l y z e d a b o v e , 
B i s p e c t r a l a n a l y s i s (see A p p e n d i x C) h a s b e e n a p p l i e d he re to s t u d y t h e 
c o n t r i b u t i o n s to t h e w a v e s k e w n e s s a n d a s y m m e t r y f r o m the i n t e r a c t i o n s o f 
d i f f e rent w ave c o m p o n e n t s , s i m i l a r a s w o r k o f E l g a r a n d G u z a (1985 ) . 
In w a v e s t h a t a r e i n i t i a l l y l i n e a r , n o n z e r o wave s k e w n e s s a n d a s y m m e t r y 
a r i s e s a s a r e s u l t o f n o n l i n e a r i n t e r a c t i o n b e t w e e n the f r e q u e n c y 
c o n s t i t u e n t s o f t h e w a v e s d u r i n g t h e s h o a l i n g p r o c e s s . B i s p e c t r a l a n a l y s i s 
h a s b e e n i n t r o d u c e d to i n v e s t i g a t e t h e c o n t r i b u t i o n of n o n l i n e a r i n t e r a c t i o n s 
b e t w e e n f r e q u e n c y c o m p o n e n t s o f w a v e s p e c t r u m b y p r e v i o u s r e s e a r c h e r s 
(E l ga r a n d G u z a , 1 9 8 5 ; D o e r i n g a n d B o w e n , 1995 ) , s i n c e t h e b i s p e c t r u m i s 
u s u a l l y u s e d to de t ec t t h e s e c o n d a r y f o r c e d w a v e s a n d c a n a p p a r e n t l y s h o w 
the p h a s e c o u p l i n g b e t w e e n the p r i m a r y w a v e s a n d a s s o c i a t e d f o r c ed w a v e s . 
In t h e D E L O S d a t a s e t s , t h e g e n e r a t e d s p e c t r u m i n i t i a l l y h a s o n l y o n e 
p e a k a t t h e p r i m a r y f r e q u e n c y a n d k e e p s the s a m e for c a s e s w i t h n e g a t i v e 
a n d ze ro f r e e b o a r d s , b u t i t evo l ves to d o u b l e p e a k s a r o u n d t h e p r i m a r y 
f r e q u e n c y for t h e c a s e s w i t h t h e p o s i t i v e f r e e b o a r d d u e to wave r e f l e c t i o n s . 
F o r the c a s e o f t h e L C B w i t h the nega t i v e f r e e b o a r d (F igure 3 .4 .1 ) , t h e 
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s p e c t r u m o n t h e i n c i d e n t s i d e h a s la rge p e a k a t t h e p r i m a r y f r e q u e n c y f=0.5 
H z a n d a s m a l l p e a k a t t h e s e c o n d h a r m o n i c f r e q u e n c y J^l.O Hz, w h i l e a 
b r o a d e r p o w e r s p e c t r u m e x i s t s o n the t r a n s m i s s i o n s i de , a l t h o u g h the 
p r i m a r y f r e q u e n c y r e m a i n s a t 0 . 5 H z . T h i s i s c o n s i s t e n t w i t h the 
i n v e s t i g a t i o n b y V a n d e r M e e r et a l . (2005 ) . Howeve r , for t h e c a s e o f t h e L C B 
w i t h t h e p o s i t i v e f r e e b o a r d ( F i gu r e 3 .4 .2 ) , the s p e c t r u m o n the i n c i d e n t s ide 
s h o w s t h r e e p e a k s , w h i c h a r e l o c a t e d a t /=0.48 H z , f=0.6 H z , a n d f=1.2 H z 
r e s p e c t i v e l y . T r a n s m i t t e d w a v e s a r e c h a r a c t e r i s e d b y a b r o a d e r p o w e r 
s p e c t r u m , P e a k f r e q u e n c i e s a r e /=0.58 H z a n d / = ! . ! H z r e s p e c t i v e l y . I n th e 
p r e s e n t w o r k , b i s p e c t r a l a n a l y s i s i s i m p l e m e n t e d n e x t for t h e c a s e s of 
s m o o t h L C B w i t h t h e nega t i v e f r e e b o a r d (F i gure 3.4.1) a n d p o s i t i v e f r e e b o a r d 
( F i g u r e 3 .4 .2 ) . T h e r e a re 2 8 1 deg r ees o f f r e e d o m a n d t h e 9 5 % s i g n i f i c a n t 
l e v e l for z e r o b i c o h e r e n c e i s b = 0 . 1 4 6 ( H a u b r i c h , 1965 ) , a n d s i g n i f i c a n t 
n o n z e r o v a l u e s i n t h e b i s p e c t r u m a r e l i m i t e d to f r e q u e n c i e s b e l o w 2 H z . 
A r e a s o f s i g n i f i c a n t b i c o h e r e n c e i n d i c a t e f r e q u e n c y p a i r s {fi, f2) t h a t are 
i n v o l v e d i n e i t h e r s u m or d i f f e r ence i n t e r a c t i o n s . 
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Figure 3.4.1 Normalized Power spectra by the energy of peak wave component (a 
and b), contours of bicoherence (c and d), contours of real part (e and f) and imaginary 
part (g and h) of normalized bispectrum on the incident side (left column) and 
transmission side (right column) of smooth LCS (Rc=-0.05m, Hi=0.13m, h=0.35m, 
a=0°). The min imum levels of contour plots are (c) 0.15, (d) 0.15, (e) 2e-4, (i) 2e-4, (g) -
l l e - 4 and (h) 0.6e-4. The corresponding intervals of contour levels are 0.1, 0.1, 3e-4, 
3e-4, 3e-4, and 1.5e-4 respectively. Dashed contours are negative values and solid 
ones are positive values. 
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Incident side Transmission side 
Figure 3.4.2 Normalized Power spectra by the energy of peak wave component (a 
and b), contours of bicoherence (c and d), contours of real part (e and f) and imaginary 
part (g and h) of normalized bispectrum on the incident side (left column) and 
transmission side (right column) of smooth LCS (17c=0.05m, Hi=0.11m, h=0.25m, a=0°). 
The m i n i m u m levels of contour plots are (c) 0.15, (d) 0.15, (e) le -4, (f) le -4, (g) -13e-4 
and (h) 2e-4. The corresponding intervals of contour levels are 0.1, 0.1, 2e-4, 3e-4, 3e-
4, and 3e-4 respectively. Dashed contours are negative values and solid ones are 
positive values. 
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T h e b i s p e c t r u m w a s n o r m a l i s e d b y £(7(0^ )- • T h e s i g n o f the r e a l p a r t o f 
b i s p e c t r u m , a n d i m a g i n a r y p a r t o f b i s p e c t r u m , 3{5}at f r e q u e n c i e s (fi, fg) 
d e s c r i b e d the s i g n o f t h e c o n t r i b u t i o n to t h e o v e r a l l s k e w n e s s a n d 
a s y m m e t r y a r i s i n g f r o m the n o n l i n e a r i n t e r a c t i o n s . T h e r e l a t i o n s h i p s 
b e t w e e n wave s k e w n e s s a n d a s y m m e t r y a n d t h e b i s p e c t r u m a r e d e f i n e d b y 
E q u a t i o n s (C3) a n d (C4) i n the a p p e n d i x C . I n F i g u r e 3 . 4 . 1 c , the b i c o h e r e n c e 
o n the i n c i d e n t s i d e i n d i c a t e s s t r o n g c o u p l i n g a t t h e p e a k s (fi=0.5 H z , /2=0.5 
Hz) a n d {fi=l.O H z , /2=0.5 Hz) w i t h b = 0 . 3 5 , w h i l e o n the t r a n s m i s s i o n s i d e 
( F i gure 3 .4 . Id ) , the b i c o h e r e n c e i n d i c a t e s s t r o n g c o u p l i n g a t the p e a k (/j=0.5 
H z , /2=0.5 Hz) w i t h b=0 .35 a n d f r e q u e n c y p a i r s (/i=0.7 H z , /2=0.5 Hz) a n d 
(fi=0.9 H z , /2=0.5 Hz) w i t h b=0 .25 . It i s o b v i o u s t h a t w a v e n o n l i n e a r c o u p l i n g 
o n the p e a k s a n d h a r m o n i c s o n the i n c i d e n t s i d e i s g r ea t e r t h a n t h a t o n the 
t r a n s m i s s i o n s i de . A s s h o w n i n F i g u r e 3 .4 . l e a n d 8f, o n the i n c i d e n t s i d e , 
9?{5( / , , /2)} h a s a large po s i t i v e v a l u e a r o u n d t h e f r e q u e n c y p a i r s (/i=0.5 H z , 
/2=0.5 Hz) a n d a l s o h a s a s m a l l p o s i t i v e v a l u e a t t h e f r e q u e n c y p a i r s {fi = 1.0 
Hz,/2=0 .5 Hz ) ; w h i l e o n the t r a n s m i s s i o n s i d e , a^l^C/,,/,)} i s pos i t i v e u n d e r t h e 
se l f - se l f i n t e r a c t i o n (/j=0.5 H z , /2=0.5 Hz) w i t h l a rge b i c o h e r e n c e . P o s i t i v e 
«H{5 ( / ; , / 2 )} o f se l f - se l f i n t e r a c t i o n a n d s u m i n t e r a c t i o n s b e t w e e n p e a k 
f r e q u e n c y a n d s e c o n d h a r m o n i c , l e a d s to a n o v e r a l l p o s i t i v e s k e w n e s s , w h i c h 
i s a l s o c o n s i s t e n t w i t h t h a t i n F i g u r e 3 . 3 . 1 . F i g u r e 3 .4 . I g d e m o n s t r a t e s t h a t 
o n the i n c i d e n t s i d e , 3 {5 ( / | , / 2 ) } i s nega t i v e a r o u n d t h e f r e q u e n c y p a i r s {fi=0.5 
Hz ,/2=0 .5 Hz) w i t h l a rge b i c o h e r e n c e . T h e l a rge nega t i v e 3 { 5 ( / | , / 2 ) } i n d u c e d b y 
se l f - se l f i n t e r a c t i o n l e a d s to a n o v e r a l l n ega t i v e a s y m m e t r y a l t h o u g h t h e r e 
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a r e s m a l l p o s i t i v e v a l u e s . H o w e v e r , F i g u r e 3 . 4 . I h s h o w s that3 {5 ( y i , / 2 ) ^ o n t h e 
t r a n s m i s s i o n s i d e h a s l a rge p o s i t i v e v a l u e s a r o u n d th e f r e q u e n c y p a i r s 
(fi=0.5 H z , /2=0.7 Hz) a n d {fi=0.5 H z , /2=0.9 Hz ) . T h e c o u p l i n g s b e t w e e n 
/ j=0 .5 H z a n d / 2 = 0 . 7 H z , / ; = 0 . 5 H z and/2=0 .9 H z c o r r e s p o n d to the d i f f e rence 
i n t e r a c t i o n s b e t w e e n fi= 0 . 5 H z a n d / 3 = 1 . 2 H z , fi= 0 . 5 H z a n d / 3 = 1 . 4 H z , 
t r a n s f e r r i n g e n e r g y i n t o t h e s p e c t r a l v a l l e y b e t w e e n 0 . 5 H z a n d 1.4 H z . T h e 
l a r g e p o s i t i v e 3{B{f,f2)}induced b y d i f f e rence i n t e r a c t i o n s l e a d s to a n o v e r a l l 
p o s i t i v e a s y m m e t r y . 
C o m p a r i n g w i t h t h e c a s e w i t h t h e nega t i ve f r e e b o a r d , the c a s e w i t h t h e 
p o s i t i v e f r e e b o a r d i s a n a l y z e d a n d s h o w n i n F i g u r e 3 . 4 . 2 . T h e b i c o h e r e n c e 
i n d i c a t e s s t r o n g c o u p l i n g a r o u n d th e p e a k s {fi=0.6 H z , ^ = 0 . 4 8 Hz) a n d 
(/i=1.2 H z , /2=0.48 Hz) w i t h b = 0 . 4 5 o n the i n c i d e n t s i d e a n d the f r e q u e n c y 
p a i r s (/i=0.58 H z , /2=0.52 Hz) w i t h b = 0 . 4 5 o n the t r a n s m i s s i o n s i d e . F i g u r e 
3 . 4 . 2 e a n d 9 f s h o w s t h a t o n t h e i n c i d e n t s ide , yiiBif,/,_)} i s po s i t i v e a r o u n d 
f r e q u e n c y p a i r s (fi=0.6 Hz, /2=0.48 Hz) a n d {fi=1.2 Hz, /2=0.48 Hz ) , a n d o n 
t h e t r a n s m i s s i o n s i d e 9 i { f i ( / | , / 2 ) } i s p o s i t i v e at the f r e q u e n c y p a i r s (/j=0.58 H z , 
^ = 0 . 5 8 Hz) w i t h se l f - s e l f i n t e r a c t i o n . There f o re , t h e la rge posi t ive9?{5 (y ; , / 2 )} , 
i n d u c e d b y se l f - s e l f i n t e r a c t i o n a n d i n t e r a c t i o n s b e t w e e n p e a k f r e q u e n c y a n d 
h i g h e r f r e q u e n c y , l e a d s to a n o v e r a l l pos i t i v e s k e w n e s s . A s s e e n i n F i g u r e 
3 . 4 . 2 g , o n t h e i n c i d e n t s i d e , t h e p e a k (/j=0.6 H z , /2=0.48 Hz) h a s nega t i v e 
3{5 (/j , /2)} s h o w i n g a s u m i n t e r a c t i o n b e t w e e n f r e q u e n c i e s /j=0.6 H z a n d 
^2=0.48 H z , a s w e l l a s the s u m i n t e r a c t i o n b e t w e e n f r e q u e n c y p a i r s (/j = 1.2 
H z , ^ = 0 . 4 8 Hz ) . B o t h s u m i n t e r a c t i o n s have l a rge b i c o h e r e n c e . T h e la rge 
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nega t i ve {^fic/,,/,)} i n d u c e d b y s u m i n t e r a c t i o n s b e t w e e n f r e q u e n c y p a i r s , 
l e a d s to a n o v e r a l l p o s i t i v e a s y m m e t r y . O n the t r a n s m i s s i o n s i d e . F i g u r e 
3 . 4 . 2 h d e s c r i b e s pos i t i v e 3 { i5 ( / , , / 2 ) [ o f l a r ge m a g n i t u d e a r i s e s f r o m t h e 
c o u p l i n g b e t w e e n / i = 0 . 5 8 H z a n d / 2 = 0 . 5 2 H z w i t h b = 0 . 4 5 , c o r r e s p o n d i n g to a 
d i f f e rence i n t e r a c t i o n b e t w e e n / j =0.58 H z a n d /3=1.1 H z t r a n s f e r r i n g e n e r g y 
i n t o the s p e c t r a l v a l l e y a r o u n d t h e f r e q u e n c y o f 0 . 5 2 H z . L a r g e p o s i t i v e 
3 {5 (y j , / 2 ) ^ induced b y d i f f e r ence i n t e r a c t i o n s w i t h l a rge b i c o h e r e n c e l e a d s to 
a n o v e r a l l p o s i t i v e a s y m m e t r y . 
3.5 Summary 
T h i s c h a p t e r d e s c r i b e s t h e p a r a m e t e r i s a t i o n a n d t r a n s f o r m a t i o n o f w a v e 
s k e w n e s s a n d a s y m m e t r y w h e n w a v e s p r o p a g a t e ove r s m o o t h a n d a r u b b l e 
m o u n d L C S . T h e a n a l y s i s w a s b a s e d o n m e a s u r e m e n t s c o l l e c t ed i n th e w a v e 
b a s i n t r a n s m i s s i o n t e s t s o f D E L O S pro j ec t . O n the i n c i d e n t s i d e o f s m o o t h 
L C S , w a v e s k e w n e s s i s po s i t i v e a n d i n c r e a s e s w i t h i n c r e a s i n g U r s e l l n u m b e r 
t h e n s t a y s a r o u n d th e m a x i m u m , a n d w a v e a s y m m e t r y i s nega t i v e a n d 
d e c a y s w i t h i n c r e a s i n g U r s e l l n u m b e r . O n the t r a n s m i s s i o n s i de o f s m o o t h 
L C S , w a v e s k e w n e s s s h o w s s i m i l a r d e p e n d e n c e o n U r s e l l n u m b e r to t h a t o n 
the i n c i d e n t s i d e , b u t w a v e s k e w n e s s i s l a r g e r t h a n t h a t o n the i n c i d e n t s i d e 
u n d e r the s a m e U r s e l l n u m b e r , w h i l e w a v e a s y m m e t r y is p o s i t i v e a n d 
i n c r e a s e s r a p i d l y u p to a m a x i m u m t h e n d e c a y s s l o w l y w i t h i n c r e a s i n g Ur. 
S e v e r a l p r a c t i c a l e m p i r i c a l f o r m u l a e r e l a t e d w a v e s k e w n e s s a n d a s y m m e t r y 
to U r s e l l n u m b e r a r e e s t a b l i s h e d u s i n g l e a s t s q u a r e s f i t t i n g for p r a c t i c a l u s e . 
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P r e d i c t i o n s a r e i n g ood a g r e e m e n t w i t h m e a s u r e m e n t s . A l t h o u g h 
r e l a t i o n s h i p s b e t w e e n wave a s y m m e t r i e s a n d U r s e l l n u m b e r o f r u b b l e 
m o u n d L C S a r e s i m i l a r to t h o s e o f s m o o t h L C S , wave s k e w n e s s a n d 
a s y m m e t r y o n t h e t r a n s m i s s i o n s i d e o f r u b b l e m o u n d a re s m a l l e r t h a n t h o s e 
o f s m o o t h L C S u n d e r th e s a m e U r s e l l n u m b e r , a l t h o u g h t h e y a r e b o t h 
a r o u n d z e r o a t s m a l l U r s e l l n u m b e r s . 
W a v e s k e w n e s s o n the t r a n s m i s s i o n s ide o f s m o o t h L C S s h o w l i n e a r 
d e p e n d e n c e o n w a v e s k e w n e s s o n the i n c i d e n t s i d e , w h i l e w a v e a s y m m e t r y 
o n t h e t r a n s m i s s i o n s i de d i s p l a y w e a k l y q u a d r a t i c d e p e n d e n c e o n wave 
a s y m m e t r y o n t h e i n c i d e n t s i d e . A l t h o u g h wave a s y m m e t r i e s o n the 
t r a n s m i s s i o n s i d e o f r u b b l e m o u n d L C S d i s p l a y s i m i l a r d e p e n d e n c e o n wave 
a s y m m e t r i e s o n t h e i n c i d e n t s i d e a s t h a t o f s m o o t h L C S , t h e effect o f the 
r e l a t i v e f r e e b o a r d o n the r e l a t i o n s h i p s o f wav e a s y m m e t r i e s b e t w e e n b o t h 
s i d e s i s s i g n i f i c a n t for r u b b l e m o u n d L C S , b u t n o t s i g n i f i c a n t for s m o o t h 
L C S . W a v e s k e w n e s s r e t a i n s a p o s i t i v e s i g n o n b o t h s i d e s b u t a s y m m e t r y 
c h a n g e s f r o m n e g a t i v e o n t h e i n c i d e n t s ide to po s i t i v e o n t h e t r a n s m i s s i o n 
s i d e . 
O u r b i s p e c t r a l a n a l y s i s s h o w s t h a t pos i t i v e s k e w n e s s a n d nega t i v e 
a s y m m e t r y a r i s e s f r o m se l f - se l f a n d s u m i n t e r a c t i o n s b e t w e e n f r e q u e n c i e s 
c o m p o n e n t s o f w a v e s p e c t r u m ; t h e m a i n c o n t r i b u t i o n to p o s i t i v e a s y m m e t r y 
i s d u e to d i f f e r ence i n t e r a c t i o n s b e t w e e n the two p r i n c i p a l c o m p o n e n t s of the 
w a v e s p e c t r u m o n t h e t r a n s m i s s i o n s i d e of L C S . 
S i n c e w a v e s k e w n e s s a n d a s y m m e t r y a re r e l a t e d to n e t s e d i m e n t 
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t r a n s p o r t , t h e i n v e s t i g a t i o n s above p r o v i d e ef fective w a y s to p r e d i c t w a v e 
a s y m m e t r i e s , w h i c h m a y h e l p i n c o r p o r a t e w a v e a s y m m e t r i e s i n t o a n a l y t i c o r 
n u m e r i c a l m o d e l s o f t h e s e d i m e n t t r a n s p o r t , c o n s e q u e n t l y m a y h e l p i m p r o v e 
the i n s t a b i l i t y o f b r e a k w a t e r s a n d d e c r e a s e s e d i m e n t t r a n s p o r t . 
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CHAPTER 4 
NUMERICAL MODELLING OF EVOLUTION OF 
WAVE ASYMMETIES OVER LOW-CRESTED 
STRUCTURES 
T h e p a r a m e t e r i s a t i o n a n d t r a n s f o r m a t i o n o f w a v e a s y m m e t r i e s o ve r L o w -
C r e s t e d S t r u c t u r e s ( LCS ) i n C h a p t e r 3 h e l p u s u n d e r s t a n d t h e r e l a t i o n s h i p 
b e t w e e n w a v e s h a p e s a n d w a v e n o n l i n e a r i t y i n th e p r e s e n c e o f c o a s t a l 
s t r u c t u r e s . H o w e v e r , e x p e r i m e n t a l d a t a s e t s u s e d i n t h e c h a p t e r 3 w e r e 
l i m i t e d to a r e a s a w a y f r o m t h e L C S . There f o re , i t i s n o t c l e a r h o w w a v e 
s k e w n e s s a n d a s y m m e t r y evo lve a c r o s s the L C S , e s p e c i a l l y above the L C S . It 
w o u l d be h e l p f u l for u s to l o o k a t t h e w h o l e p i c t u r e o f t h e e v o l u t i o n o f w a v e 
a s y m m e t r i e s , f r o m the i n c i d e n t s i d e , over t h e s t r u c t u r a l c r e s t to t h e 
t r a n s m i s s i o n s i d e o f the L C S . T h i s w o r k m a y e n h a n c e o u r u n d e r s t a n d i n g o f 
w a v e - s t r u c t u r e i n t e r a c t i o n s a n d h e l p to a s s e s s t h e f u n c t i o n a l i t y a n d s t a b i l i t y 
o f c o a s t a l a n d f l o od de f ence s c h e m e s . 
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T h e m a i n a i m of t h i s c h a p t e r i s to i n v e s t i g a t e t h e e v o l u t i o n o f w a v e 
s k e w n e s s a n d a s y m m e t r y over the L C S u s i n g the i m p r o v e d R A N S - V O F m o d e l , 
a s w e l l a s b r i e f l y i n t e r p r e t i n g t h e u n d e r l y i n g p h y s i c s . L a b o r a t o r y d a t a s e t s o f 
w a v e s u r f a c e e l e v a t i o n s , c o l l e c t e d i n t h e s m a l l s c a l e w a v e c h a n n e l t e s t s a t 
the U n i v e r s i t y o f C a n t a b r i a (UCA ) o f D E L O S p ro j e c t ( A p p e n d i x D l ) , a r e u s e d 
to ver i fy t h e n u m e r i c a l r e s u l t s . 
T h i s c h a p t e r i n c l u d e s s e v e n p a r t s : F i r s t l y p r e v i o u s w o r k o n 
t r a n s f o r m a t i o n o f wave s h a p e s i n th e n e a r s h o r e z o n e i s r e v i e w e d ; i t i s t h e n 
f o l l owed b y a s u m m a r y o f e x p e r i m e n t s ; n u m e r i c a l m o d e l i m p l e m e n t a t i o n 
a n d m o d e l v a l i d a t i o n a r e p r e s e n t e d n e x t ; a l o n g w i t h a c o m p a r i s o n o f 
n u m e r i c a l r e s u l t s , m e a s u r e m e n t s a n d p r e d i c t i o n s b y th e e m p i r i c a l f o r m u l a e 
d e r i v e d i n c h a p t e r 3 ; s u b s e q u e n t l y , f a c t o r s a f f e c t ing t h e e v o l u t i o n o f w a v e 
a s y m m e t r i e s a re i n v e s t i g a t e d ; t h e p h y s i c a l i n t e r p r e t a t i o n s a r e d i s c u s s e d a n d 
finally a b r i e f s u m m a r y i s g i v e n . 
4.1 Introduction 
A s m e n t i o n e d i n C h a p t e r 3 , t h e e v o l u t i o n o f w a v e s k e w n e s s a n d 
a s y m m e t r y ove r c o a s t a l s t r u c t u r e s i s i m p o r t a n t to t h e s t a b i l i t y o f c o a s t a l 
s t r u c t u r e s a n d b e a c h m o r p h o l o g y b e h i n d c o a s t a l s t r u c t u r e s d u e to i t s 
i n d u c e d s e d i m e n t t r a n s p o r t ( I n m a n a n d B a g n o l d , 1 9 6 3 ; W i l s o n , 1 9 6 6 ; 
N i e l s e n , 1 9 9 2 ; H o l m e d a l a n d M y r h a u g , 2 0 0 6 ; N i e l s e n , 2 0 0 6 ; G o n z a l e z -
R o d r i g u e z a n d M a d s e n , 2 0 0 7 ) . P r e v i o u s r e s e a r c h o n the c r o s s - s h o r e 
e v o l u t i o n o f wave s k e w n e s s a n d a s y m m e t r i e s m a i n l y f o c u s e d o n n a t u r a l 
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b e a c h e s . E l g a r a n d G u z a (1985) f o u n d t h a t for w a v e s s h o a l i n g a c r o s s 
n a t u r a l b e a c h e s , w a v e s k e w n e s s i n c r e a s e s f r o m a r o u n d zero u p to m a x i m u m 
v a l u e f r o m d e e p w a t e r to s h a l l o w w a t e r a n d t h e n d e c r e a s e s to n e a r z e ro i n 
e v e n s h a l l o w e r w a t e r . W a v e a s y m m e t r y d e c r e a s e s f r o m zero a s w a v e s s h o a l , 
r e a c h i n g a m i n i m u m v a l u e s l i g h t l y s h o r e w a r d o f the s k e w n e s s m a x i m u m , 
a n d t h e n s l i g h t d e c r e a s e s i n w a v e a s y m m e t r y i n v e r y s h a l l o w w a t e r o c c u r s 
w h e n w a v e s s t a r t to b r e a k . D o e r i n g a n d B o w e n (1995) f o u n d t h a t b o t h wave 
s k e w n e s s a n d a s y m m e t r y a r e s t r o n g l y d e p e n d e n t o n l o c a l U r s e l l n u m b e r (the 
r e l a t i v e w a v e h e i g h t H / h t i m e s t h e re la t i ve w a v e l e n g t h X / h s q u a r e d , h i s 
w a t e r d ep th ) for s h o a l i n g a n d b r e a k i n g s u r f a c e g r a v i t y w a v e s o n n a t u r a l 
b e a c h e s . F o r s m a l l U r s e l l n u m b e r s , b o t h wave s k e w n e s s a n d a s y m m e t r y a r e 
n e a r z e r o ; for i n c r e a s i n g U r s e l l n u m b e r s , w a v e s k e w n e s s i n c r e a s e s u p to 
m a x i m u m v a l u e t h e n d e c r e a s e s d o w n to zero , w h i l e w a v e a s y m m e t r y s i m p l y 
i n c r e a s e i n a n e g a t i v e s e n s e . H e r b e r s et a l . (2003) p r e s e n t s th e e v o l u t i o n o f 
w a v e s k e w n e s s a n d a s y m m e t r y o ve r a s u b m e r g e d s a n d y b a r o n the n a t u r a l 
b e a c h , b y c o m p a r i n g the e x p e r i m e n t a l m e a s u r e m e n t s a n d n u m e r i c a l r e s u l t s 
f r o m a B o u s s i n e s q m o d e l . 
C o m p a r e d w i t h n a t u r a l b e a c h e s , w a v e p r o p a g a t i o n over c o a s t a l s t r u c t u r e s 
gave r i s e to d i f f e r en t w a v e p r o c e s s e s . P r e v i o u s w o r k o n i n t e r a c t i o n s b e t w e e n 
w a v e s a n d L C S m a i n l y f o c u s e d o n the p r e d i c t i o n o f wav e t r a n s m i s s i o n a n d 
r e f l e c t i o n ( V a n d e r M e e r et a l . , 2 0 0 5 ) , o v e r t o p p i n g ( Z a n u t t i g h et a l . , 2 0 0 8 ) , 
s t r u c t u r a l s t a b i l i t y ( B u r c h a r t h et a l . , 2 0 0 6 ) , S c o u r ( S u m e r et a l . , 2 0 0 5 ) a n d 
v e l o c i t y a n d t u r b u l e n c e f i e l ds ( L o s a d a et a l . , 2 0 0 5 ) . O n the o t h e r h a n d , t h e r e 
w a s p l e n t y o f w o r k f o c u s e d o n w a v e ene rgy t r a n s f e r i n th e p r e s e n c e o f 
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c o a s t a l s t r u c t u r e s o r s a n d y b a r s . B e j i a n d B a t t j e s (1993) e x a m i n e d h i g h 
f r e q u e n c y ene r gy g e n e r a t i o n s a s w a v e s p r o p a g a t e d o ve r s u b m e r g e d b a r s . 
T h e y i n t e r p r e t e d the p h y s i c a l m e c h a n i s m a s the a m p l i f i c a t i o n o f b o u n d 
h a r m o n i c s d u r i n g the s h o a l i n g p r o c e s s a n d t h e i r r e l e a s e i n the d e e p e r r e g i o n , 
r e s u l t i n g i n th e d e c o m p o s i t i o n o f these finite a m p l i t u d e w a v e s . I n a d d i t i o n , 
w a v e s sa t i s f y t h e t r i p l e t r e s o n a n c e c o n d i t i o n s ( P h i l l i p s , 1960) o n t h e 
s t r u c t u r a l c r e s t , the re fo re a v e ry r a p i d flow of ene r gy b e g i n s f r o m the 
p r i m a r y wave to th e h i g h e r h a r m o n i c s . L o s a d a et a l . (1997) s t u d i e d 
h a r m o n i c e v o l u t i o n s o f m o n o c h r o m a t i c w a v e s a s t h e y p r o p a g a t e o ve r a 
p o r o u s s t ep u n d e r n o n - b r e a k i n g c o n d i t i o n s . R e s u l t s s h o w e d t h a t t h e 
p e r m e a b i l i t y o f L C S r e d u c e s the a m p l i t u d e o f a l l t h e h a r m o n i c m o d e s 
c o n s i d e r a b l y d u e to t h e f r i c t i o n of p o r o u s m e d i a . A l s o , p o r o u s s t r u c t u r e 
i n c r e a s e s th e effective r e l a t i v e d e p t h a n d d e c r e a s e s th e re la t i ve wave h e i g h t , 
r e s u l t i n g i n a l owe r U r s e l l n u m b e r a n d a l o w e r c h a n c e to g e n e r a t e 
h a r m o n i c s . M a s s e l i n k (1998) i n v e s t i g a t e d the g e n e r a t i o n o f s e c o n d a r y w a v e s 
o n a b a r r e d b e a c h u s i n g the field m e a s u r e m e n t s . T h e r e s u l t s s h o w e d the 
d e c o m p o s i t i o n o f b r e a k i n g i n c i d e n t s w e l l i n t o s e v e r a l s m a l l e r a n d s h o r t e r 
w a v e s u p o n e n t e r i n g the d e epe r w a t e r l a n d w a r d o f the b a r . T h e c o n s e q u e n t 
b r o a d wave s p e c t r u m r e s u l t s i n a d e c r e a s e i n th e s i g n i f i c a n t wave p e r i o d a n d 
m a y f u r t h e r d e l a y the d i s s i p a t i o n o f w a v e energy . S e n e c h a l et a l . (2002) 
f o u n d t h a t a l t h o u g h w a v e b r e a k i n g a p p e a r s to w e a k e n the s t r e n g t h o f 
n o n l i n e a r c o u p l i n g s , t h e g e n e r a t i o n o f h i g h - f r e q u e n c y ene rgy i s h a r d l y 
a f fected b y w a v e b r e a k i n g o n a s a n d y , b a r r e d b e a c h . B r o s s a r d a n d C h a g d a l i 
(2001) a n d B r o s s a r d et a l . (2009) f o u n d t h a t t h e d e c o m p o s i t i o n o f a w a v e 
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a b o v e a s u b m e r g e d s t r u c t u r e i m p l i e s a t r a n s f e r o f e n e r g y f r o m t h e 
f u n d a m e n t a l m o d e t o w a r d s t h e b o u n d m o d e s , p h a s e - l o c k e d w i t h the 
f u n d a m e n t a l . D o w n s t r e a m t h e s t r u c t u r e , h i g h e r free h a r m o n i c m o d e s a r e 
g e n e r a t e d . C u r r e n t l y , t h e r e i s l i t t l e w o r k r e l e van t to the e v o l u t i o n s o f w a v e 
s k e w n e s s a n d a s y m m e t r y a c r o s s c o a s t a l s t r u c t u r e s , a l s o th e e x p e r i m e n t a l 
d a t a s e t s a v a i l a b l e w e r e i n s u f f i c i e n t a n d l i m i t e d to s o m e a r e a s a w a y f r o m the 
L C S . 
T h e R A N S - V O F m o d e l , d e s c r i b e d i n c h a p t e r 2 , w a s a b l e to give g ood 
p r e d i c t i o n s o f n e a r - f i e l d f l ow a r o u n d L C S u n d e r r e g u l a r w a v e s ( G a r c i a et a l . , 
2 0 0 4 ) , v e l o c i t y a n d t u r b u l e n c e f i e l ds a r o u n d a n d w i t h i n p e r m e a b l e 
b r e a k w a t e r s ( L o s a d a et a l . , 2 0 0 5 ) , r a n d o m wave i n t e r a c t i o n w i t h s u b m e r g e d 
p e r m e a b l e s t r u c t u r e s ( L a r a et a l . , 2 0 0 6 ) a n d wave o v e r t o p p i n g p r o c e s s e s 
( L o s a d a et a l . , 2 0 0 8 ) . It t h e n i s e m p l o y e d to i n v e s t i g a t e t h e e v o l u t i o n o f wav e 
s k e w n e s s a n d a s y m m e t r y o v e r c o a s t a l s t r u c t u r e s , p a y i n g s p e c i a l a t t e n t i o n to 
t h e a r e a a b o v e t h e s t r u c t u r e a n d b e h i n d the s t r u c t u r e . E m p l o y i n g the R A N S -
V O F m o d e l h e l p s to o v e r c o m e the l i m i t e d e x p e r i m e n t a l d a t a s e t s for the 
t r a n s f o r m a t i o n o f w a v e s h a p e s a n d e n h a n c e o u r u n d e r s t a n d i n g o f the effect 
o f c o a s t a l s t r u c t u r e s o n t h e e v o l u t i o n o f wave s k e w n e s s a n d a s y m m e t r y . 
4.2 Experiment 
T w o - d i m e n s i o n a l w a v e t r a n s m i s s i o n t e s t s , c o n d u c t e d i n the f l u m e (24 .0 m 
X 0 . 6 m X 0 . 8 m) a t U n i v e r s i t y o f C a n t a b r i a , S p a i n ( A p p e n d i x D l ) , w e r e 
e m p l o y e d to v a l i d a t e r e s u l t s o f t h e R A N S - V O F m o d e l i n t h i s C h a p t e r . T w o 
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r u b b l e - m o u n d l o w - c r e s t e d s t r u c t u r e s o f 0 . 2 5 a n d 1.00 m c r e s t w i d t h w e r e 
t e s t ed . B o t h s t r u c t u r e s k e e p the s a m e c r e s t e l e v a t i o n s f r o m the b o t t o m (0 .25 
m) , f r on t a n d b a c k s l ope a n g l e s ( 1V/2H ) a n d p o r o u s m e d i a . T h e m o d e l s h a d 
two - l a y e r a r m o u r o f s e l e c t ed g r a v e l a n d a g r a v e l c o r e . A r m o u r c h a r a c t e r i s t i c s 
a r e Dn50=0.03l m , p o r o s i t y =0.49 a n d the co r e c h a r a c t e r i s t i c s a r e Dn5o=0.046 
m , p o r o s i t y =0 .53 . A final d i s s i p a t i v e b e a c h w i t h 1/20 s l ope w a s m a d e o f 
q u a r r y r o c k w i t h Dn50=0.015 m a n d p o r o s i t y = 0 . 4 3 . 
o ,^5 0,15 0,2 
(a) 
' ' 5 ,9 p,15 / 0,5 / 1,18 0,57 0,5 0,49 / / 
G1G2G3 G4 G5 G6 G7 G8 G9G10G1: 
0,2 0 . 2 5 0,15 0 ,2 
\"l 5 ,9 p,lS / 0,5 / 1,05 0 ,33 0 ,94 0 ,42 / / 
G1G2G3 G4 G5 G6 G7 G8 G9G10G11 
SWL • • • > 
6 , 7 5 1,25 
Figure 4.2.1 Installation of wave gauges in the experiments with (a) narrow crest 
tests and (b) wide crest tests. Unit: m. G l to G i l represent the surface elevation 
gauges. 
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T h e d a t a u s e d for the p r e s e n t s t u d y were m e a s u r e d b y 11 r e s i s t i v e free 
s u r f a c e g a u g e s to a s s e s s free s u r f a c e e v o l u t i o n , g a u g e s G l to G 3 were 
i n s t a l l e d i n f r o n t o f the L C B s ; g a u g e s G 4 to G 5 we r e l o c a t e d above t h e 
s e a w a r d s l o p e o f L C B s ; g a u g e s G 6 w a s p l a c e d o n the t r a n s m i s s i o n s i de for 
0 . 2 5 m c r e s t w i d t h b u t a b o v e t h e c r e s t a n d o n t h e l e es ide s l ope for 1.00 m 
c r e s t w i d t h i n s t e a d ; g a u g e s G 7 to G i l were p l a c e d o n the t r a n s m i s s i o n s i d e 
a l o n g t h e f la t b o t t o m b e h i n d t h e L C B s . T h e d e t a i l e d c o o r d i n a t e s o f g a u g e s 
a r e s h o w n i n F i g u r e 4 . 2 . 1 . E a c h r e c o r d w a s s a m p l e d a t 3 0 H z . A n o v e r a l l 
v i e w o f t e s t p r o g r a m m e i n the s m a l l - s c a l e wave c h a n n e l e x p e r i m e n t s i s l i s t e d 
i n T a b l e 4 . 2 . 1 . E x p e r i m e n t a l s e t - u p a n d test c o n d i t i o n s we r e d e s c r i b e d i n 
f u r t h e r d e t a i l i n A p p e n d i x D 1 . 
Table 4.2.1 Overall view of test programmes in wave channel tests 
Parameter Value 
H ~ H i ( m ) 0 . 0 4 , 0 . 0 7 , 0 . 1 0 
T ~ T p i ( s ) 1 . 6 , 2 . 4 , 3 . 2 
Lp (m ) 2 . 53 to 6 . 1 7 
B (m) 0 . 2 5 a n d 1.0 
h (m) 0 . 3 , 0 . 3 5 , 0 . 4 
4.3 RANS-VOF Model Implementation 
T h e R A N S - V O F m o d e l , d e s c r i b e d i n C h a p t e r 2 , i s u s e d to i n v e s t i g a t e wave 
s h a p e c h a n g e s o v e r L C S . T h e R A N S - V O F m o d e l so l v es the 2 D R e y n o l d s 
A v e r a g e d N a v i e r - S t o k e s e q u a t i o n s b y d e c o m p o s i n g t h e i n s t a n t a n e o u s 
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v e l o c i t y a n d p r e s s u r e f i e lds i n t o th e m e a n a n d t u r b u l e n t c o m p o n e n t s . 
R e y n o l d s s t r e s s e s a re c l o s e d w i t h a n a l g e b r a i c n o n - l i n e a r k-e t u r b u l e n c e 
m o d e l . A P L I C - V O F m e t h o d w a s e m p l o y e d to c a p t u r e free su r f a c e . 
4.3.1 Model set-up 
A s c a n be s e e n i n F i g u r e 4 . 3 . 1 , t h e n u m e r i c a l s e t u p i n c l u d e s a p e r m e a b l e 
L C B (crest w i d t h B = l m ) l o c a t e d o n the b o t t o m o f t h e f l u m e , a 1/20 P l e x i g l a s 
r a m p i n f r on t o f t h e L C B a n d a final d i s s i p a t i v e b e a c h w i t h 1/20 s l o p e w h i c h 
w a s m a d e o f q u a r r y r o c k w i t h Dn50=0 .015m a n d p o r o s i t y , n , i s 0 . 4 3 . T h e 
p e r m e a b l e L C B c o n s i s t s o f two l a y e r s th e s a m e a s th e e x p e r i m e n t s i n S e c t i o n 
4 .2 a n d A p p e n d i x D l : a n a r m o u r l a y e r w i t h the Dn50=0.0466 m a n d n= 0 . 5 3 ; 
a core l a y e r w i t h the Dn5o=0 .031m a n d n = 0 . 4 9 . T h e r e a re two c r e s t w i d t h s , 
B = 0 . 2 5 m a n d 1 .00m, i n th e p r e s e n t w o r k for i n v e s t i g a t i n g th e effect o f 
s t r u c t u r a l c r e s t w i d t h . T h e s p o n g e l a y e r , d e s c r i b e d b y e q u a t i o n (2 .2 .26 ) , i s 
8 m l o n g (peak wave l e n g t h a t the w a v e - m a k e r i s a p p r o x i m a t e l y 3 m ) . T h e 
s p o n g y l a y e r a b s o r b s the g e n e r a t e d w a v e s d i r e c t e d left a n d r e f l e c t ed w a v e s 
f r o m the s e a w a r d s l ope o f t h e L C B . 
T h e c o m p u t a t i o n a l m e s h , d e s i g n e d for t h e s i m u l a t i o n o f the e x p e r i m e n t s 
d e s c r i b e d i n S e c t i o n 4 . 2 a n d A p p e n d i x D l , c o n s i s t s of f o u r m a i n r e g i o n s w i t h 
d i f f e rent s i ze a n d f u n c t i o n s . A s s h o w n i n F i g u r e 4 . 3 . 1 , i n the x - d i r e c t i o n a n d 
w i t h o u t h i g h r e s o l u t i o n r e q u i r e m e n t s , t h e g r i d s i ze i s 0 . 0 5 m i n t h e s p o n g e 
l a y e r a r e a a n d 0 . 0 2 m a r o u n d t h e s o u r c e r e g i o n . T h e g r i d s i ze i s t h e n 
c h a n g e d to 0 . 0 1 m i n the v i c i n i t y o f L C S w h i c h i s the zone o f b r e a k i n g , 
101 
C H A P T E R 4 N U M E R I C A L M O D E L L I N G OF E V O L U T I O N OF W A V E A S Y M M E T R I E S 
o v e r t o p p i n g a n d s t r o n g t u r b u l e n c e g e n e r a t i o n ( l oca l wav e l e n g t h i s a b o u t 
2 . 5 m for Tp=1.6s) . O n the d i s s i p a t i v e b e a c h , t h e g r i d s i ze i s se t to 0 . 0 2 m 
a g a i n to a l l o w c o n s i d e r a b l e s a v i n g s o f c o m p u t a t i o n a l t i m e . T h e g r i d s ize i n 
t h e y - d i r e c t i o n i s 0 . 0 2 m f r o m y = O m to y = 0 . 2 4 m (the s o l i d bo t t om ) , w h i l e i n 
o t h e r c e l l s i t i s 0 . 0 1 m . T h e y c o - o r d i n a t e o f t h e t op b o u n d a r y i s 1 .0m to 
a v o i d n u m e r i c a l i n s t a b i l i t y f r o m t h e la rge s u r f a c e e l e v a t i o n a n d the s p l a s h . 


















8 10 12 , J4 16 
x("i) 
18 20 22 24 
Figure 4.3.1 Sketch of the numerical setup and the computational meshes. 
Dashed line stands for sti l l water level, SWL, and h represents the water depth. 
I n t h e m e a n f l ow f i e ld , a n o p e n b o u n d a r y , c o m p o s e d o f a r a d i a t i o n 
b o u n d a r y a n d a n a r t i f i c i a l 8 m l o n g sponge l a ye r , i s spec i f i ed a t t h e in l e t 
b o u n d a r y to a b s o r b t h e re f l e c t ed w a v e s f r om L C S ; w h i l e f r e e - s l i p b o u n d a r y 
c o n d i t i o n i s a p p l i e d o n the o t h e r b o u n d a r i e s . A n o - s l i p c o n d i t i o n a t t h e s o l i d 
b o u n d a r i e s a n d a z e r o - s t r e s s c o n d i t i o n a t the free s u r f a c e we r e t r e a t e d . F o r 
t u r b u l e n c e f i e l d , o n t h e free s u r f a c e , the zero g r a d i e n t b o u n d a r y c o n d i t i o n s 
for t u r b u l e n c e g e n e r a t i o n we re b a s e d o n the a s s u m p t i o n o f n o t u r b u l e n c e 
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e x c h a n g e b e t w e e n the w a t e r a n d a i r . A l o g - l a w d i s t r i b u t i o n o f t h e m e a n 
t a n g e n t i a l v e l o c i t y i n the t u r b u l e n t b o u n d a r y l a y e r i s c o n s i d e r e d n e a r t h e 
s o l i d b o u n d a r y . T h e i n i t i a l c o n d i t i o n c o n s i s t s o f a s t i l l w a t e r s i t u a t i o n w i t h 
n o c u r r e n t a n d w a v e m o t i o n . A r e t u r n f low s y s t e m d e s c r i b e d i n S e c t i o n 0 
w a s a p p l i e d . A n i n t e r n a l w a v e - m a k e r d e v e l o p e d b y L i n a n d L i u (1999) w a s 
l o c a t e d a t x = 1 0 m a n d u s e d to g ene ra t e T M A s p e c t r u m ( A p p e n d i x B ) . T h e 
d u r a t i o n o f s i m u l a t i o n s i s i n e x c e s s o f 3 0 0 s. A c c o r d i n g to the r u l e o f t h u m b 
for t h e d e s i g n a t i o n o f s o u r c e r e g i o n p r o p o s e d b y L i n a n d L i u (1998 ) , t h e 
0 . 1 5 m (H) x 0 . 0 2 m (L) s o u r c e r e g i o n i s c h o s e n a n d 0 . 1 m u n d e r t h e s t i l l w a t e r 
l eve l . 
A t o t a l o f 4 8 t e s t s w i t h the d i f f e r en t w a v e c o n d i t i o n s a n d c o a s t a l 
s t r u c t u r a l g e o m e t r i e s a re u s e d i n t h i s s t u d y (Table 4 .3 .1 ) . T e s t No . 3 4 to No . 
4 8 a r e u s e d to i n v es t i ga t e th e effect o f t h e r a n d o m n e s s i n w a v e s o n the 
e v o l u t i o n o f wav e s h a p e s ove r L C S . A l l i r r e g u l a r w a v e s a r e g e n e r a t e d t h r o u g h 
t h e i n t e r n a l s o u r c e r e g i o n b a s e d o n the t h e o r y o f T M A s p e c t r u m ( A p p e n d i x 
B ) . C a l c u l a t i o n o f wav e p r o p a g a t i o n for 3 0 0 s w i t h c e l l s o f 1 1 5 0 ^ 8 8 r e q u i r e s 
a b o u t 3 6 C P U h o u r s u s i n g a s i n g l e p r o c e s s o r o f I n t e l C o r e 2 C P U 6 6 0 0 @ 
2 . 4 G H z , 2 . 4 G H z . A c c o r d i n g to T a b l e 4 . 3 . 1 , t h e m a x i m u m p e a k f r e q u e n c y , fp, 
i s 0 . 6 2 5 H z , a n d the s m a l l w a t e r d e p t h i s 0 . 3 m . The r e f o r e , t h e c o r r e s p o n d i n g 
m i n i m u m w a v e l e n g t h i s 2 . 5 3 m . S i m i l a r l y , t h e w a v e l e n g t h for fmax ( a b o u t 2 H z 
i n t h i s sudy ) i s 0 . 4 m . The r e f o r e , t h e r e a r e a p p r o x i m a t e l y 2 5 0 p o i n t s for fp 
a n d 4 0 p o i n t s for fmax above the L C S , a n d 1 2 5 p o i n t s for fp a n d 2 0 p o i n t s for 
fmax i n f r on t o f L C S . 
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Table 4.3.1 Overall view of numerical simulations of the transformation of wave 














Poros i ty 
(Armor+Core) 
1 R e g u l a r 1 0.1 1.6 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 T M A 0 . 2 5 0.1 1.6 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
3 T M A 1 0 . 0 4 1.6 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
4 T M A 1 0 . 0 7 1.6 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
5 T M A 1 0.1 1.6 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
6 T M A 1 0 . 0 4 2 .4 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
7 T M A 1 0 . 0 7 2 .4 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
8 T M A 1 0.1 2 .4 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
9 T M A 1 0 . 0 4 3 .2 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
10 T M A 1 0 . 0 7 3 .2 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
11 T M A 1 0.1 3 .2 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
12 T M A 1 0 . 0 4 1.6 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
13 T M A 1 0 . 0 7 1.6 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
14 T M A 1 0.1 1.6 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
15 T M A 1 0 . 0 4 2 .4 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
16 T M A 1 0 . 0 7 2 .4 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
17 T M A 1 0.1 2 .4 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
18 T M A 1 0 . 0 4 3 .2 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
19 T M A 1 0 . 0 7 3 .2 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
2 0 T M A 1 0.1 3 .2 0 . 3 5 0 .0 0 . 5 3 + 0 . 4 9 
2 1 T M A 1 0 . 0 4 1.6 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 2 T M A 1 0 . 0 7 1.6 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 3 T M A 1 0.1 1.6 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 4 T M A 1 0 . 0 4 2 .4 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 5 T M A 1 0 . 0 7 2 .4 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 6 T M A 1 0.1 2 .4 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 7 T M A 1 0 . 0 4 3 .2 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 8 T M A 1 0 . 0 7 3 .2 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
2 9 T M A 1 0.1 3 .2 0 .3 0 . 0 5 0 . 5 3 + 0 . 4 9 
3 0 T M A 1 0.1 1.6 0 .4 - 0 . 0 5 0 .0+0 .0 
31 T M A 1 0.1 1.6 0 .4 - 0 . 0 5 0 .3+0 .3 
3 2 T M A 1 0.1 1.6 0 . 3 5 0 . 0 5 0 . 5 3 + 0 . 4 9 
3 3 T M A 1 0.1 1.6 0 . 3 5 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
3 4 - 4 8 T M A 0 . 2 5 0.1 1.6 0 .4 - 0 . 0 5 0 . 5 3 + 0 . 4 9 
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Figure 4.3.2 Overview of 30 numerical gauges (WGl to WG30). Water depth at 
x = l l m is 0.4 m. Solid line represents calculated surface elevations at t=200 s; dash-
dotted line stands for stil l water level. 
T h e r e a r e 3 0 n u m e r i c a l g a u g e s a l o n g the c r o s s - s h o r e s e c t i o n o f s i m u l a t i o n 
s e t u p s , c o v e r i n g the f la t b o t t o m a n d P l e x i g l a s r a m p o n the i n c i d e n t s i d e , 
s l o p e s a n d c r e s t o f L C S a n d f lat b o t t o m a n d p e r m e a b l e b e a c h o n t h e 
t r a n s m i s s i o n s i de . T h e a c c o r d i n g c o o r d i n a t e s o f e a c h n u m e r i c a l g a u g e c a n 
be r e f e r r ed to F i g u r e 4 . 3 . 2 . T h e o u t p u t s h a v e th e s a m p l e f r e q u e n c y o f 4 0 H z 
a n d c o n s i s t o f V O F v a l u e s , h o r i z o n t a l a n d v e r t i c a l v e l o c i t i e s . To e x c l u d e t h e 
n u m e r i c a l n o i s e a n d the i n f l u e n c e o f i r r e g u l a r i n t e r v a l s of s a m p l i n g (by 
d y n a m i c t i m e step) , t h e o u t p u t s a re r e - s a m p l e d i n t o e q u a l s a m p l i n g i n t e r v a l s 
o f 0 . 0 2 5 s , t h e n f i l t e red u s i n g t h e b a n d p a s s filter, w h i c h h a s a l o w l i m i t o f 
0 .2 t i m e s p e a k f r e q u e n c y a n d a h i g h l i m i t o f 5 t i m e s p e a k f r e q u e n c y . T h i s 
b a n d p a s s filter e n s u r e d t h a t t h e ene r gy a t b o t h the l o w l i m i t a n d h i g h l i m i t 
i s l e ss t h a n 1 p e r c e n t a g e o f the ene r gy a t t h e p e a k f r e q u e n c y . S i n c e 
n u m e r i c a l s i m u l a t i o n i s u n s t a b l e i n the i n i t i a l s e v e r a l w a v e s a r i s i n g f r o m t h e 
i n t e r n a l w a v e - m a k e r , t h e first 10 w a v e s we r e e x c l u d e d i n f o l l o w i n g 
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c a l c u l a t i o n s . 
4.3.2 Validation of generated waves 
A r e g u l a r w a v e p r o p a g a t i n g o ve r a L C B w i t h a w i d e c r e s t w a s g e n e r a t e d to 
i n v e s t i g a t e t h e c a p a b i l i t y o f c a p t u r i n g t h e s u r f a c e e l e v a t i o n s u s i n g the R A N S -
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Figure 4.3.3 Comparisons of predicted wave surface elevations and measurements 
(a) on the incident side, (b) on the seaward slope, (c) on the crest, (d) on the landward 
slope and (e) on the transmission side of LCS (Case No.l). Coordinates of WGs can be 
referred in Figure 4.3.2. 
106 
CHAPTER 4 NfUMERICAL M O D E L L I N G OF E V O L U T I O N OF W A V E A S Y M M E T R I E S 
A s s h o w n i n F i g u r e 4 . 3 . 3 , t h e c r o s s - s h o r e e v o l u t i o n of wave s h a p e s o v e r a 
L C B i s o f i m p o r t a n c e ; w a v e s are a l l c h a r a c t e r i z e d b y a p e a k i n g o f c r e s t s , 
f l a t t e n i n g o f t r o u g h s , a c h a r a c t e r o f p o s i t i v e s k e w n e s s (E lgar a n d G u z a , 
1985 ) , a l t h o u g h t h e r e a r e d i f f e r ences i n th e m a g n i t u d e s o f wave s k e w n e s s . 
W a v e s are c h a r a c t e r i z e d b y p i t c h i n g f o r w a r d f r o m the i n c i d e n t s i d e to t h e t o p 
o f the c r e s t , b u t p i t c h i n g b a c k w a r d f r o m the t op of the c r e s t to t h e 
t r a n s m i s s i o n s ide , c o r r e s p o n d i n g to t r a n s f e r f r o m nega t i v e a s y m m e t r y a n d 
pos i t i v e a s y m m e t r y . T h e s e p h e n o m e n a a re c o n s i s t e n t w i t h t h e r e s u l t s i n 
S e c t i o n 3 . 3 . M e a s u r e d w a v e s o n the i n c i d e n t s i d e we r e we l l r e p r o d u c e d 
t h r o u g h the s o u r c e r e g i o n , a n d a l l c a l c u l a t e d s u r f a c e e l e va t i ons a r e i n g o o d 
a g r e e m e n t w i t h m e a s u r e m e n t s . 
The c a s e s w i t h i r r e g u l a r w a v e s g e n e r a t e d f r o m the T M A s p e c t r u m (see 
A p p e n d i x B) were c o n s i d e r e d i n t h e p r e s e n t w o r k . F i g u r e 4 .3 .4 s h o w s t h e 
c o m p a r i s o n s of c a l c u l a t e d p o w e r s p e c t r u m a n d m e a s u r e m e n t s i n f r on t o f 
a n d b e h i n d the L C B (Case No.8 ) . R e s u l t s s h o w t h a t the s p e c t r u m o f 
m e a s u r e d w a v e s o n the i n c i d e n t s i d e ( W G 4 a n d W G 8 ) w a s we l l r e p r o d u c e d 
t h r o u g h the s o u r c e r e g i o n , a n d a l l the c a l c u l a t i o n s a r e i n good a g r e e m e n t 
w i t h m e a s u r e m e n t s . T h i s i n d i c a t e s t h a t t h e w a v e - m a k e r u s e d i n th e p r e s e n t 
m o d e l i s c a p a b l e o f g e n e r a t i n g a c c u r a t e l y t h e i r r e g u l a r waves for n u m e r i c a l 
s i m u l a t i o n s . 
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Figure 4.3.4 Comparisons of calculated power spectrum and measurements (Case 
No.8). Coordinates of WGs can be referred in Figure 4.3.2. 
T h e e v o l u t i o n o f w a v e s p e c t r u m i s a l s o s h o w n i n F i g u r e 4 .3 .4 w i t h the 
c u t - o f f f r e q u e n c y e q u a l l i n g 3 Hz. T h e s o l i d a n d d a s h - d o t t e d l i n e s r e p r e s e n t 
t h e c a l c u l a t e d a n d m e a s u r e d s p e c t r a r e spec t i v e l y . To i l l u s t r a t e t h e 
e v o l u t i o n s o f t h e p o w e r s p e c t r u m , So(f), t h e v e r t i c a l a x e s of t h e g r a p h s 
( F i g u r e 4 . 3 . 4 c a n d F i g u r e 4 .3 .4d ) , w h i c h c o r r e s p o n d to t h e n u m e r i c a l g auges 
( W G 1 8 a n d W G 2 1 ) o n the t r a n s m i s s i o n s ide , i s s c a l e d the s a m e a s t h o s e of 
W G 4 a n d W G S . T h e l o c a t i o n s o f s p e c t r u m p e a k s a n d s p e c t r u m s h a p e a r e i n 
g o o d a g r e e m e n t w i t h m e a s u r e m e n t s . R e s u l t s s h o w t h a t i n c i d e n t wave 
s p e c t r u m h a s t h e e n e r g y c o n c e n t r a t e d a r o u n d the p e a k f r e q u e n c y a n d l e s s 
e n e r g y o n t h e h i g h e r f r e q u e n c i e s ( F i gure 4 .3 .4a ) . T h e re f l ec ted w a v e s f r o m 
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t h e L C B c o n t a m i n a t e the i n c i d e n t w a v e s p e c t r u m , c a u s i n g a s e c o n d a r y p e a k 
to a p p e a r ( F i gure 4 .3 .4b ) . T h e i n c i d e n t w a v e ene r gy r e d u c e d c o n s i d e r a b l y 
ove r L C B a n d t h e r e m a i n i n g e n e r g y w a s t r a n s f e r r e d f r o m the l o w f r e q u e n c i e s 
to h i g h f r e q u e n c i e s , l e a d i n g to a h i g h e r u p p e r t a i l ( F i gure 4 . 3 . 4 c a n d F i g u r e 
4 .3 .4d ) . T h i s p h e n o m e n o n i s c o n s i s t e n t w i t h t h a t i n V a n d e r M e e r et a l . 
(2005) a n d L a r a et a l . (2006) . T h e s p r e a d i n g o f s p e c t r u m ene rgy o n t h e h i g h 
f r e q u e n c i e s i s w e l l c a p t u r e d b y th e n u m e r i c a l m o d e l , a l t h o u g h t h e r e i s a 
s l i g h t u n d e r e s t i m a t i o n o f s p e c t r u m e n e r g y a r o u n d the p e a k f r e q u e n c y o n t h e 
t r a n s m i s s i o n s i de (F i gure 4 . 3 . 4 c a n d F i g u r e 4 .3 .4d ) . 
4.3.3 Velocity field around LCS 
To f u r t h e r u n d e r s t a n d t h e w a v e t r a n s f o r m a t i o n ove r c o a s t a l s t r u c t u r e s , i t 
w i l l be h e l p f u l to e x a m i n e the f low p a t t e r n a r o u n d c o a s t a l s t r u c t u r e s . F i g u r e 
4 . 3 . 5 p r e s e n t s t h r e e s n a p s h o t s o f i n s t a n t a n e o u s v e l o c i t y d i s t r i b u t i o n , 
r e p r e s e n t i n g t h r e e s tages o f w a v e p r o p a g a t i n g ove r c o a s t a l s t r u c t u r e s : w a v e 
b r e a k i n g , p r o p a g a t i o n o n the c r e s t a n d e n t r a n c e i n t o t h e t r a n s m i s s i o n s i d e . 
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Figure 4.3.5 Snapshot of the flow pattern in the computational domain (shown in 
Figure 4.3.2). The grey area is the impermeable bottom, while the blue area represents 
the permeable obstacles. The wave conditions: H=0.07m, 7^ 1.6s, h=0.4m and Rc=-
0.05m. 
I n F i g u r e 4 . 3 . 5 a , i t s h o w s c l e a r l y the s tage i m m e d i a t e l y a f te r wave 
b r e a k i n g . T h e v e l o c i t y f ie ld a r o u n d the s e a w a r d edge o f t h e s t r u c t u r a l c r e s t 
i s v e r y c h a o t i c , w i t h c h a r a c t e r i s t i c s o f b o t h l a rge u p w a r d a n d d o w n w a r d 
v e l o c i t i e s . T h e v e l o c i t i e s o n the c r e s t a n d the l e e w a r d s l ope o f c o a s t a l 
s t r u c t u r e s a r e a r o u n d zero , s h o w i n g the r e i s n o wave effect a t t h e s e a r e a s a t 
t h i s p h a s e . W h i l e i n F i g u r e 4 . 3 . 5 b , t h e waves p r o p a g a t e a r o u n d the m i d d l e o f 
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t h e S t ruc tura l c r e s t , w i t h s m a l l w a t e r d e p t h r e s t r i c t i o n , t h e v e l o c i t i e s , b o t h 
v e r t i c a l a n d h o r i z o n t a l c o m p o n e n t s , r e m a i n l a r g e r d u e to e n e r g y flux 
c o n s e r v a t i o n . T h e s e la rge v e l o c i t i e s m a y affect t h e s t a b i l i t y of a r m o u r s t o n e s 
o n t h e s t r u c t u r a l c r e s t . T h e v e l o c i t y o n t h e s e a w a r d s l ope o f c o a s t a l 
s t r u c t u r e i s d o w n w a r d a n d n e a r l y t a n g e n t to t h e s l o p e a n d the r e i s s t i l l n o 
wave effect o n the l e e w a r d s l ope o f c o a s t a l s t r u c t u r e . I n F i g u r e 4 . 3 . 5 c , i t i s 
o b v i o u s t h a t o v e r t o p p i n g w a t e r w i t h l a rge j e t - l i k e v e l o c i t i e s e n t e r s i n t o t h e 
a r e a o n the l e e w a r d s l ope o f s t r u c t u r e s , a s s o c i a t e d w i t h a pos i t i v e e l e v a t i o n 
o f m e a n w a t e r l eve l . T h e v e l o c i t i e s o n the s t r u c t u r a l c r e s t d e m o n s t r a t e t h a t 
t h e r e i s a p a r t o f t r a n s m i t t e d w a t e r flowing b a c k to t h e i n c i d e n t s i d e o f 
c o a s t a l s t r u c t u r e , f o r m i n g a r e s i s t a n c e to t h e i n c i d e n t wave s . H o w e v e r , t h i s 
p a r t o f w a t e r i s v e r y s m a l l for L o w - C r e s t e d S t r u c t u r e s . 
4.4 Comparisons of Model Results and Measurements 
S i n c e t h e U r s e l l n u m b e r i s i m p o r t a n t to w a v e s k e w n e s s a n d a s y m m e t r y 
( D o e r i n g a n d B o w e n , 1 9 9 5 ; D o e r i n g et a l . , 2 0 0 0 ; E l f r i n k e t a l . , 2 0 0 6 ) , t h e 
p a r a m e t e r s r e l a t e d to U r s e l l n u m b e r w a s c o n s i d e r e d n e x t . F ive c a s e s w i t h 
d i f f e rent wave c o n d i t i o n s b u t th e s a m e s t r u c t u r a l g e o m e t r y a n d b o t t o m 
b a t h y m e t r y we re e m p l o y e d to v a l i d a t e t h e n u m e r i c a l s i m u l a t i o n s . T h e s e f ive 
c a s e s h a v e t h e wave c o n d t i o n s a s : H i = 0 . 0 4 m , Tpi=1.6s a n d h = 0 . 4 m ; 
H i = 0 . 1 0 m , Tpi=1.6s a n d h = 0 . 4 m ; H i = 0 . 0 7 m , Tpi=1.6s a n d h = 0 . 4 m ; H i = 0 . 0 7 m , 
Tpj=3.2s a n d h = 0 . 4 m ; H i = 0 . 1 0 m , Tpi=1.6s a n d h = 0 . 3 m . In o r d e r to c o m p a r e 
t h e c a l c u l a t e d wave s k e w n e s s a n d a s y m m e t r y w i t h m e a s u r e m e n t s , 
g e n e r a t e d wave h e i g h t a n d p e a k p e r i o d a r e a d j u s t e d to m a k e the c a l c u l a t e d 
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s i g n i f i c a n t w a v e h e i g h t a n d p e a k f r e q u e n c y a t t h e x = 1 4 m the s a m e a s th e 
m e a s u r e m e n t s o f G l . 
C o m p a r i s o n s o f w a v e s k e w n e s s a n d a s y m m e t r y o f w a v e s u r f a c e e l e v a t i o n 
b e t w e e n m e a s u r e m e n t s a n d n u m e r i c a l c a l c u l a t i o n s a r e s h o w n i n F i g u r e 
4 . 4 . 1 , a l t h o u g h t h e m e a s u r e m e n t d o m a i n i s m u c h s m a l l e r t h a n the 
c o m p u t a t i o n a l d o m a i n . F o r t h e s e five c a s e s , c a l c u l a t e d w a v e s k e w n e s s a n d 
w a v e a s y m m e t r y a r e i n g o o d a g r e e m e n t w i t h the m e a s u r e m e n t s b o t h o n the 
i n c i d e n t s i d e a n d o n the t r a n s m i s s i o n s ide . N u m e r i c a l c a l c u l a t i o n s a n d 
l a b o r a t o r y m e a s u r e m e n t s d e m o n s t r a t e t h a t w a v e s k e w n e s s i n c r e a s e s s l o w l y 
i n t h e f a r field b u t d e c r e a s e s i n t h e s e a w a r d n e a r - f i e l d r e g i o n ( c o n s i s t i n g o f 
s e a w a r d s l o p e a n d a p a r t o f a r e a s i n f ront o f the s t r u c t u r a l toe). It t h e n 
i n c r e a s e s u p to t h e m a x i m u m o n t h e s t r u c t u r a l c r e s t t h e n d e c r e a s e s 
d r a m a t i c a l l y d o w n to a p p r o x i m a t e l y z e r o i n th e l e e w a r d n e a r - f i e l d r e g i o n 
( c o v e r i n g l e e w a r d s l o p e a n d a p a r t o f a r e a s b e h i n d the s t r u c t u r a l toe). W a v e 
a s y m m e t r y d e c r e a s e s f r o m z e ro o n the i n c i d e n t s i d e , d o w n to the m i n i m u m 
v a l u e o n t h e s t r u c t u r a l c r e s t , a n d t h e n i n c r e a s e s u p to pos i t i v e v a l u e i n th e 
l e e w a r d n e a r - f i e l d r e g i o n o f L C S . F i n a l l y wave s k e w n e s s i n c r e a s e s a n d w a v e 
a s y m m e t r y d e c r e a s e s o n t h e b e a c h b e h i n d L C S . 
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Figure 4.4.1 Comparisons of wave skewness (S) and asymmetry (A) of wave surface 
elevations between different (a, d) significant wave heights with Tpi=1.6s and ho=0.4m, 
(b, e) peak wave periods with Hi=0.07m and ho=0.4m (c, f) water depths at x = l l m with 
H<=0.10m and Tpi=1.6s under the same other wave conditions and structural 
geometry. Structural crest width B=1.0m. Lines represent numerical results and dots 
represent measurements, o: measurements associate with solid line, •: measurements 
associate with dashed line. Grey area represents the LCB and bottom (scaled for 
aesthetic reason). 
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E v o l u t i o n s o f v^ave skeu^ness a n d a s y m m e t r y over L C S d e s c r i b e d above 
a r e s i m i l a r to t h o s e ove r a s u b m e r g e d s a n d b a r o n a n a t u r a l b e a c h f o u n d 
f r o m t h e f i e l d m e a s u r e m e n t s a n d p r e d i c t i o n s i n H e r b e r s et a l . (2003) . W a v e 
skew^ness i s p o s i t i v e o n b o t h i n c i d e n t s i d e a n d t r a n s m i s s i o n s i de e x c ep t for 
t h e p e r m e a b l e b e a c h , a n d wave a s y m m e t r y i s nega t i v e o n t h e i n c i d e n t s i d e 
b u t c h a n g e s to p o s i t i v e v a l u e s o n t h e t r a n s m i s s i o n s i de i n s t e a d . T h i s 
p h e n o m e n o n i s c o n s i s t e n t w i t h t h e r e s u l t s of s e c t i o n 3 . 3 . 
4.5 Relationships of Wave Asymmetries and Ursell number 
W a v e c h a n n e l t e s t s d e s c r i b e d i n d e s c r i b e d i n S e c t i o n 4 .2 cove r l a r g e r 
r a n g e s o f w a v e c o n d i t i o n s a n d s t r u c t u r a l p r o p e r t i e s t h a n t h o s e i n wave 
b a s i n t r a n s m i s s i o n t e s t s i n S e c t i o n 3 . 2 , a s w e l l a s m o r e w a v e g a u g e s a r o u n d 
L C S . W e n e x t a p p l y t h e r e l a t i o n s h i p s b e t w e e n wave s k e w n e s s a n d 
a s y m m e t r y a n d l o c a l U r s e l l n u m b e r (see d e f i n i t i o n i n E q u a t i o n (3.3.3)), 
d e r i v e d i n C h a p t e r 3 , to n u m e r i c a l r e s u l t s a n d m e a s u r e m e n t s . R e s u l t s o f 
n u m e r i c a l g a u g e s W G l to W G 7 a n d M e a s u r e m e n t s o f G l to G 5 a r e u s e d for 
c o m p a r i s o n s o n t h e i n c i d e n t s i d e , w h i l e r e s u l t s o f n u m e r i c a l g a u g e s W G 1 9 
to W G 2 3 a n d m e a s u r e m e n t s o f G 8 to G i l a re u s e d for c o m p a r i s o n s o n the 
t r a n s m i s s i o n s i d e . D e t a i l e d c o o r d i n a t e s of n u m e r i c a l g a u g e s a n d wave 
g a u g e s c a n be r e f e r r e d i n F i g u r e 4 . 3 . 2 a n d F i g u r e 4 .2 .1 r e spec t i v e l y . 
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0 20 40 60 80 100 
Figure 4.5.1 Relationships of Ur (Ur=H,Lm2/h3) and (a) wave skewness and (b) 
asymmetry in front of LCS. o: the calculated results; A: measurements; solid lines: 
predictions by Equations 3.3.8-3.3.9. 
Figure 4.5.2 Relationships of Ursell number, Ur, and (a) wave skewness, S, and (b) 
wave asymmetry. A, above the flat bottom on the transmission side of LCS. o: the 
calculated results; A: measurements; solid lines: predictions by Equations 3.3.10-
3.3.11. 
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F i g u r e 4 . 5 . 1 s h o w s the c o m p a r i s o n s o f c a l c u l a t i o n s , m e a s u r e m e n t s a n d 
p r e d i c t i o n s b y E q u a t i o n s 3 . 3 . 8 a n d 3 . 3 . 9 o n the i n c i d e n t s i d e o f L C S . T h e 
r e l a t i o n s h i p s b e t w e e n c a l c u l a t e d w a v e a s y m m e t r y a n d l o c a l U r s e l l n u m b e r 
a r e i n g o o d a g r e e m e n t w i t h m e a s u r e m e n t s a n d p r e d i c t i o n s , b u t c a l c u l a t e d 
w a v e s k e w n e s s i s s m a l l e r t h a n the p r e d i c t i o n s a l t h o u g h i t ag r ees w i t h 
m e a s u r e m e n t s . T h i s d i s c r e p a n c y m a y be d u e to d i f f e rent r e f l e c t i on 
c o e f f i c i e n t s . B o t h e x p e r i m e n t s a n d c o m p u t a t i o n a l d o m a i n i n t h i s c h a p t e r a r e 
2 - D i m e n s i o n , a n d w a v e s a r e r e f l e c t ed n o r m a l l y f r o m L C S . H o w e v e r , 
e x p e r i m e n t s for d e r i v i n g e m p i r i c a l f o r m u l a e i n C H A P T E R 3 a r e 3 - D i m e n s i o n 
a n d a l a r g e p a r t o f r e f l e c t ed w a v e s c o u l d e s c a p e the a r e a b e t w e e n t h e 
i n c l i n e d s t r u c t u r e a n d the w a v e g e n e r a t o r a n d get a b s o r b e d i n th e a b s o r b i n g 
s i d e w a l l s ( K r a m e r et a l . , 2 0 0 5 ) . S i n c e re f l ec ted w a v e s m a i n l y c o n s i s t o f 
e x c i t e d l o w - f r e q u e n c y w a v e c o m p o n e n t s , w h i c h b r i n g m o r e d i f f e rence 
i n t e r a c t i o n s i n , the r e f o r e , t h e r e f l e c t ed wave c o n t r i b u t e n e g a t i v e l y to wave 
s k e w n e s s . 
F i g u r e 4 . 5 . 2 s h o w s the c o m p a r i s o n s o f c a l c u l a t i o n s , m e a s u r e m e n t s a n d 
p r e d i c t i o n s b y E q u a t i o n s 3 . 3 . 1 0 - 3 . 3 . 1 1 o n the t r a n s m i s s i o n s i de o f L C S . T h e 
r e l a t i o n s h i p s b e t w e e n c a l c u l a t e d w a v e s k e w n e s s a n d a s y m m e t r y a n d l o c a l 
U r s e l l n u m b e r a r e i n g ood a g r e e m e n t w i t h m e a s u r e m e n t s a n d p r e d i c t i o n s , 
a l t h o u g h t h e a p p l i c a b l e r a n g e o f U r s e l l n u m b e r i n E q u a t i o n s 3 . 3 . 1 0 - 3 . 3 . 1 1 
i s 1 .5 -15 . C o m p a r i n g w i t h t h e o b s e r v a t i o n s i n C h a p t e r 3 , c a l c u l a t i o n s a n d 
m e a s u r e m e n t s o f t h i s s t u d y h a v e l a rge wave p e r i o d a n d la rge w a t e r d e p t h , 
w h i c h l e a d to l a r g e r w a v e h e i g h t a n d m e a n p e r i o d o n the t r a n s m i s s i o n s i d e , 
c o n s e q u e n t l y l a r g e U r s e l l n u m b e r . R e s u l t s of t h e p r e s e n t s t u d y we re h e l p f u l 
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to e x t e n d the effective r a n g e s o f e m p i r i c a l f o r m u l a e p r o p o s e d i n C h a p t e r 3 . It 
s h o u l d be n o t e d t h a t the l o c a l m e a n U r s e l l n u m b e r b e c o m e s to be inc r ed ib l y -
large d u e to e x t r e m e l y s m a l l w a t e r d e p t h s a b o v e L C S , t h u s l o c a l m e a n U r s e l l 
n u m b e r i s n o l onge r a s u i t a b l e p a r a m e t e r to d e s c r i b e wave s k e w n e s s a n d 
a s y m m e t r y . 
4.6 Factors Affecting the Evolution of Wave Asymmetries 
4.6.1 Incident wave height, period and water depth 
A s s h o w n i n F i g u r e 4 . 4 . 1 a a n d F i g u r e 4 . 4 . I d , t h e l a rge r w a v e h e i g h t 
c o r r e s p o n d s to l a r g e r wave s k e w n e s s a n d l a r g e r a b s o l u t e wave a s y m m e t r y 
o n b o t h s i d e s o f L C S . T h i s i s b e c a u s e l a rge w a v e s c o r r e s p o n d to l a r g e 
t r a n s m i t t e d w a v e s a n d h a v e la rge U r s e l l n u m b e r , the re f o re have l a rge w a v e 
s k e w n e s s a n d a b s o l u t e wave a s y m m e t r y (see C h a p t e r 3) . 
F i g u r e 4 . 4 . 1 b a n d F i g u r e 4 . 4 . l e s h o w e d t h a t t h e effect o f wave p e r i o d o n 
wave s k e w n e s s i s m o r e s i g n i f i c a n t t h a n o n w a v e a s y m m e t r y . It i s i n t e r e s t i n g 
to obse r ve t h a t the v a r i a t i o n s o f w a v e a s y m m e t r i e s d e c r ease w i t h t h e 
i n c r e a s i n g wave p e r i o d s . F o r t h e c a s e o f Tpi=1.6s, t h e wave s k e w n e s s a n d 
a s y m m e t r y d r a m a t i c a l l y c h a n g e over L C S , w h i l e for t h e c a s e of Tpi=3.2s, t h e 
wave s k e w n e s s a n d a s y m m e t r y h a v e m i l d c h a n g e s a r o u n d L C S . S m a l l w a v e 
p e a k p e r i o d c o r r e s p o n d s to s m a l l e x t e n t o f t h e effect o f L C S . T h e c a s e o f 
Tpi=1.6s d e c r e a s e s the m a x i m u m w a v e s k e w n e s s to ze ro i n a s h o r t e r 
d i s t a n c e t h a n t h e c a s e o f Tpi=3.2s, a n d the m a x i m u m a s y m m e t r y o f t h e 
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f o r m e r i s c l o s e r to L C S t h a n t h a t o f t h e la t t e r . T h i s i s m a i n l y d u e to s m a l l 
c h a n g e s i n r e l a t i v e w a t e r d e p t h (h/L , h i s w a t e r d e p t h a n d L i s t h e wave 
l eng th ) o n t h e r e a r s l o p e w i t h l o n g w a v e l e n g t h , a n d the d e c o u p l i n g p r o c e s s 
i s s t r o n g l y d e p e n d e n t o n t h e i n c r e a s i n g g r a d i e n t o f r e l a t i ve w a t e r d e p t h . 
F i g u r e 4 . 4 . 1 c a n d F i g u r e 4 . 4 . I f i n d i c a t e d the c o m b i n e d ef fects o f w a t e r 
d e p t h a n d t h e f r e e b o a r d ( R c i s 0 . 0 5 m w h e n h e q u a l s 0 .3m) . O n the i n c i d e n t 
s i d e o f L C S , s m a l l w a t e r d e p t h c o r r e s p o n d s to la rge w a v e s k e w n e s s a n d 
s m a l l n e g a t i v e w a v e a s y m m e t r y . T h i s i s c o n s i s t e n t w i t h t h e c o n c l u s i o n s o f 
S e c t i o n 3 . 3 : s m a l l w a t e r d e p t h c o r r e s p o n d s to l a rge U r s e l l n u m b e r , t h u s 
c o r r e s p o n d s to l a r g e r w a v e s k e w n e s s a n d s m a l l nega t i v e w a v e a s y m m e t r y . 
H o w e v e r , s m a l l w a t e r d e p t h c o r r e s p o n d s to n e a r l y z e ro w a v e s k e w n e s s a n d 
a s y m m e t r y i n t h e l e e w a r d n e a r - f i e l d r e g i on . T h i s i s b e c a u s e L C S l o c a t e d i n 
s m a l l w a t e r d e p t h (h=0.3m) h a v e po s i t i v e f r e e b o a r d s , w h i c h re f l ec t a la rge 
p a r t o f w a v e e n e r g y a n d o n l y a l l o w a s m a l l p a r t o f w a v e e n e r g y to be 
t r a n s m i t t e d a n d to o v e r t o p . T h i s k i n d o f s t r u c t u r e f i n a l l y i n d u c e s s m a l l wave 
h e i g h t s a n d l o c a l U r s e l l n u m b e r . It s h o u l d be n o t e d t h a t for t h e e m e r g e d 
c a s e w a v e s k e w n e s s a n d a s y m m e t r y o n the t o p o f the c r e s t i s m a i n l y 
c a l c u l a t e d b a s e d o n the free s u r f a c e i n s i d e th e p o r o u s m e d i a . The r e f o r e , i t i s 
n o t r e c o m m e n d e d h e r e to c o n s i d e r w a v e s k e w n e s s a n d a s y m m e t r y o n the 
t o p o f t h e c r e s t , s i n c e the a i m o f t h i s s t u d y i s to i n v es t i ga t e t h e m e a n f low 
o u t s i d e t h e p o r o u s m e d i a . 
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4.6.2 Incident wave shapes 
N e a r - s h o r e w a v e s a l w a y s c h a n g e s h a p e s u n d e r d i f f e rent a t m o s p h e r i c 
p r e s s u r e a n d w i n d s p e e d . It i s i m p o r t a n t to c o n s i d e r t h e effect o f n e a r - s h o r e 
i n c i d e n t w a v e s h a p e s o n the e v o l u t i o n o f w a v e s k e w n e s s a n d a s y m m e t r y , 
a n d t h i s w i l l h e l p to u n d e r s t a n d the w a v e p r o c e s s a p p r o a c h i n g t h e L C S . 
To s t u d y the effects o f i n c i d e n t w a v e s h a p e s o n the e v o l u t i o n o f w a v e 
s k e w n e s s a n d a s y m m e t r y a c r o s s L C S , t w o c a s e s w i t h d i f f e rent r e g u l a r w a v e 
s h a p e s we re i n v e s t i g a t e d , i n c l u d i n g a p o s i t i v e l y s k e w e d wave a n d n e g a t i v e l y 
s k e w e d wave , b o t h p i t c h i n g f o r w a r d . T h e s e two w a v e s we re u n d e r t h e s a m e 
w ave p a r a m e t e r s , s t r u c t u r a l p r o p e r t i e s a n d b o t t o m b a t h y m e t r y . A f t e r a b o u t 
2 0 0 wave c y c l e s o f t h e n u m e r i c a l s i m u l a t i o n s , w a v e s k e w n e s s a n d 
a s y m m e t r y we r e c a l c u l a t e d u s i n g n u m e r i c a l o u t p u t s o f 3 0 l o c a t i o n s a c r o s s 
th e L C S . 
A s c a n be s e e n i n F i g u r e 4 . 6 . 1 a , t h e p o s i t i v e l y s k e w e d wave h a s s h a r p 
c r e s t s a n d f la t t r o u g h s , b u t t h e nega t i v e l y s k e w e d w a v e h a s s h a r p t r o u g h s 
a n d f lat c r e s t s . B o t h o f t h e m p i t c h f o r w a r d , a c h a r a c t e r i s t i c o f s t e ep f r o n t 
face a n d gent l e r e a r face. T h e d i f f e rence o f r e a r face s l ope i n d u c e s d i f f e r en t 
m a g n i t u d e o f w a v e a s y m m e t r y , a l t h o u g h the f r on t face s l ope i s n e a r l y t h e 
s a m e . F i g u r e 4 . 6 . 1 b s h o w s t h e e v o l u t i o n o f s i g n i f i c a n t wave h e i g h t s ( the 
average h e i g h t o f th e h i g h e s t one t h i r d o f the waves ) a c r o s s the L C S . S m a l l 
v a r i a t i o n o f wave h e i g h t s a p p e a r s i n t h e n e a r f i e ld i n f r on t of L C S , t h i s i s 
m a i n l y d u e to the p a r t i a l s t a n d i n g w a v e s ( obse r ved b y G a r c i a et a l . 2 0 0 4 a s 
well ) i n d u c e d b y t h e c o m b i n a t i o n o f i n c i d e n t w a v e a n d re f l ec ted w a v e f r o m 
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L C S . T h e r e f o r e , w a v e h e i g h t s a r o u n d the n o d e s a r e s m a l l e r t h a n t h o s e 
a r o u n d t h e a n t i - n o d e s . W a v e h e i g h t s s t a r t to d e c r e a s e a f ter p a s s i n g the f r on t 
s l o p e o f L C S d u e to w a v e b r e a k i n g . W a v e h e i g h t s c o n t i n u e to d e c r e a s e d o w n 
to a b o u t o n e - t h i r d o f i n c i d e n t w a v e h e i g h t s i n c e th e ene r gy t r a n s m i t t e d o r 
o v e r t o p p e d i s c o n s i d e r a b l y s m a l l e r . It i s o b v i o u s t h a t t h e i n c i d e n t wave 
s h a p e s h a v e l i t t l e effect o n w a v e h e i g h t s a c r o s s the L C S , there fo re t h e 
c o n c l u s i o n c a n be d r a w n t h a t t r a n s m i s s i o n coe f f i c i en ts a r e n o t c h a n g e d b y 
i n c i d e n t w a v e s h a p e s . F i g u r e 4 . 6 . 1 c a n d F i g u r e 4 . 6 . I d s h o w t h a t i n c i d e n t 
w a v e s h a p e s h a v e a s i g n i f i c a n t effect o n w a v e a s y m m e t r y o n l y o n t h e 
i n c i d e n t s i d e b u t t h e y h a v e a s i g n i f i c a n t effect o n wave s k e w n e s s o n b o t h t h e 
i n c i d e n t s i d e a n d t o p o f L C S . T h e i n c i d e n t s h a p e s h a v e l e s s effect o n wave 
s k e w n e s s a n d a s y m m e t r y o n t h e t r a n s m i s s i o n s i de . T h e r e a s o n i s t h a t wave 
s k e w n e s s a n d a s y m m e t r y a r e a d a p t i v e to l o c a l w a t e r d e p t h i n th e far field i n 
f r o n t o f L C S a n d c o n t r o l l e d b y l o c a l U r s e l l n u m b e r (see C h a p t e r 3). The re f o r e , 
w i t h t h e s a m e l o c a l w a t e r d e p t h a n d su f f i c i en t a r e a o f far field i n f r on t o f L C S , 
w a v e a s y m m e t r i e s o f d i f f e ren t i n c i d e n t wave s h a p e s t e n d to be th e s a m e by 
t h i s a d a p t i v e p r o c e s s . 
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Figure 4.6.1 Effect of incident wave shapes on the evolutions of wave skewness 
and asymmetry across LCS. (a) Wave profiles at x = l l m , (b) significant wave heights, 
Hs, (c) wave skewness, S, and (d) wave asymmetry. A, under the same wave parameters 
and structural properties. Grey area represents the LCB and bottom geometry (scaled 
for aesthetic reason). Negatively skewed wave: S=-0.23, A=-0.19; positively skewed 
wave: S=0.45, A=—0.35. Source region is located around x=10 m. B=1.0m, Rc= -0.05m. 
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4.6.3 Randomness in incident waves 
W i t h t h e s a m e w a v e c o n d i t i o n s b u t r a n d o m p h a s e a n g l e s , 15 c a s e s w i t h 
i r r e g u l a r w a v e s h a v e b e e n i n v e s t i g a t e d to i n v e s t i g a t e t h e effect o f wave 
r a n d o m n e s s o n w a v e a s y m m e t r i e s o ve r the b r e a k w a t e r w i t h a n a r r o w c r e s t 
B = 0 . 2 5 m , H p O . l O m , T p p l . 6 s a n d h = 0 . 4 m a t X = l l m . 
f(Hz) 
X ( m ) 
Figure 4.6.2 Effect of the randomness in incident waves on the evolution of wave 
skewness (S) and asymmetry {A) over LCS, with the same significant wave height and 
peak period and structural geometry, (a) Power spectrum, So(f), at x = l l m and (b) wave 
skewness and asymmetry. The dotted line represents the 95% confidence levels of the 
mean skewness or asymmetry. Grey area represents the LCB and bottom geometry 
(scaled for aesthetic reason). B=0.25 m, Rc= -0.05 m. 
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U s i n g the T M A s p e c t r u m (see a p p e n d i x B ) , S e r i e s o f t ime s e r i e s w e r e 
g e n e r a t e d w i t h wave c o n d i t i o n s a t x = l l m a re : s i g n i f i c a n t w a v e h e i g h t 
H i = 0 . 1 0 m , w a v e p e a k p e r i o d Tpi=1.6s a n d w a t e r d e p t h h = 0 . 4 m . T h e s e t i m e 
s e r i e s h a v e t h e s a m e p e a k f r e q u e n c y a n d a r e o n l y d i f f e rent f r o m the 
d i s t r i b u t i o n o f p o w e r s p e c t r u m a r o u n d th e p e a k f r e q u e n c y ( F i gure 4 .6 .2a ) . 
T h e m e a n w a v e s k e w n e s s a n d a s y m m e t r y a v e r a g e d b e t w e e n 10 c a s e s w i t h 
9 5 % c o n f i d e n c e leve ls o f t h e m e a n s k e w n e s s o r a s y m m e t r y a r e s h o w n i n 
F i g u r e 4 . 6 . 2 b . A s c a n be s e e n i n F i g u r e 4 . 6 . 2 , t h e effect o f the r a n d o m n e s s 
i n i r r e g u l a r w a v e s o n b o t h w a v e s k e w n e s s a n d a s y m m e t r y a c r o s s L C S i s 
neg l i g i b l e . T h i s i s m a i n l y b e c a u s e w a v e s k e w n e s s a n d a s y m m e t r y a r e 
d e p e n d e n t o n l o c a l U r s e l l n u m b e r , w h i c h i s o n l y r e l a t e d to s i g n i f i c a n t w a v e 
h e i g h t , p e a k f r e q u e n c y a n d l o c a l w a t e r d e p t h , r a t h e r t h a n t h e s h a p e o f 
p o w e r s p e c t r u m (see C h a p t e r 3). L a r g e c o n f i d e n c e i n t e r v a l a p p e a r e d a r o u n d 
the s h o r e l i n e ( about x=24m) , a n d t h i s m a y a r i s e f r o m the n u m e r i c a l e r r o r s i n 
d e a l i n g w i t h t h e e x t r e m e l y s h a l l o w w a t e r , o r p o s s i b l y d u e to t h e c a l c u l a t e d 
e r r o r s o f wave s k e w n e s s a n d a s y m m e t r y f r o m s m a l l s i g n i f i c a n t w a v e h e i g h t s . 
4.6.4 Relative crest width of LCS 
T h e effect o f c r e s t w i d t h (B) o n w a v e s k e w n e s s a n d a s y m m e t r y w a s 
i n v e s t i g a t e d t h r o u g h two d i f f e r en t c r e s t w i d t h s : B = 0 . 2 5 m a n d B = 1 . 0 m , 
u n d e r the s a m e i n c i d e n t wave s h a p e s , H i = 0 . 1 0 m , Tpi=1.6s a n d h = 0 . 4 m a t 
x = l I m , 
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Figure 4.6.3 Effect of relative crest width of LCS on (a) wave skewness (S) and (b) 
asymmetry {A) under the same wave conditions. Grey area represents the LCB and 
bottom geometry (scaled for aesthetic reason). Symbols represent measurements, o : 
narrow crest with; •: wide crest with. Rc= -0.05m. 
A s s h o w n i n F i g u r e 4 . 6 . 3 , b o t h c a s e s d i s p l a y l a rge v a r i a t i o n s o f wav e 
s k e w n e s s a n d a s y m m e t r y a r o u n d the L C S . It i s i n t e r e s t i n g to o b s e r v e t h a t 
for b o t h c r e s t w i d t h s , t h e p o i n t o f m a x i m u m wave s k e w n e s s i s l o c a t e d 
a r o u n d t h e l e e s i d e e n d o f t h e c r e s t a n d m i n i m u m w a v e a s y m m e t r y a p p e a r s 
a t t h e m i d d l e o f t h e c r e s t . H o w e v e r , t h e rate o f i n c r e a s e o f w a v e s k e w n e s s i s 
d e p e n d e n t o n t h e w i d t h o f t h e c r e s t . The c a s e w i t h a n a r r o w c r e s t h a s a 
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l a r g e r r a t e o f i n c r e a s e o f wave s k e w n e s s a n d a s y m m e t r y above th e c r e s t t h a n 
the c a s e w i t h a w i d e c r e s t . T h e m a x i m u m a n d m i n i m u m wave s k e w n e s s a n d 
a s y m m e t r y for these two c a s e s a r e t h e s a m e . W e c a n d r a w a c o n c l u s i o n t h a t 
wave n o n l i n e a r i n t e r a c t i o n s o n t h e c r e s t a r e d e v e l o p e d i n t o s a t u r a t i o n f o r 
b o t h c r e s t w i d t h s . O n the o t h e r h a n d , t h e s e two c r e s t w i d t h s c a u s e d i f f e r en t 
wave s k e w n e s s a n d a s y m m e t r y o n the t r a n s m i s s i o n s i d e , for e x a m p l e , a w i d e 
c r e s t h a s s m a l l e r s k e w n e s s a n d l a r g e r a s y m m e t r y t h a n a n a r r o w c r e s t . T h i s 
i s b e c a u s e l a rge c r e s t w i d t h of fsets the c o n t r o l l e d a r e a b y the t r a n s m i s s i o n 
effect. A t t h e s a m e l o c a t i o n o n t h e t r a n s m i s s i o n s i d e , w a v e s p r o p a g a t i n g o v e r 
the n a r r o w c r e s t h a v e r e c o v e r e d to a R a y l e i g h d i s t r i b u t i o n , w h i l e w a v e s 
p r o p a g a t i n g over the w i d e c r e s t m a y be s t i l l u n d e r t h e i n f l u e n c e o f w a v e 
t r a n s m i s s i o n effect. 
4.6.5 Porosity of LCS 
B y c h a n g i n g the s t r u c t u r a l p o r o s i t y , t h r e e c a s e s w i t h d i f f e rent p o r o s i t i e s 
were i n v e s t i g a t e d : zero p o r o s i t y (y=0.0), s m a l l p o r o s i t y (y=0.4) a n d l a r g e 
p o r o s i t y (y=0.53). H i = 0 . 1 0 m , Tpi=1.6s a n d h = 0 . 4 m . A s s h o w n i n F i g u r e 4 . 6 . 4 a , 
s i g n i f i c a n t wave h e i g h t s d e c r e a s e d s l o w l y w h e n wave p r o p a g a t e d i n f r o n t o f 
L C S , a n d t h e n i n c r e a s e d u p to the m a x i m u m above t h e f r on t s l ope o f L C S 
d u e to t h e d e c r e a s i n g w a t e r d e p t h . A f t e r w a v e b r e a k i n g , w a v e e n e r g y 
d i s s i p a t e d a n d wave h e i g h t d e c a y e d q u i c k l y . C o m p a r i n g these t h r e e c a s e s , 
t h e c a s e w i t h z e ro p o r o s i t y h a s the l a r g e s t wave h e i g h t s a n d t h e c a s e w i t h 
l a rge p o r o s i t y h a s the s m a l l e s t w a v e h e i g h t s above L C S . It i s m a i n l y b e c a u s e 
la rge p o r o s i t y o f L C S c o r r e s p o n d s to l a rge e n e r g y d i s s i p a t i o n . T h e r e i s l e s s 
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Figure 4.6.4 Effect of structural porosity on the evolution of (a) significant wave 
height (Hs), (b) wave skewness (S) and (c) wave asymmetry {A) under the same wave 
conditions and structural geometry. Grey layer only represents the L C B and bottom 
geometry (scaled for aesthetic reason).o: measurements of the case with large 
porosity. B=1.0m, Rc= -0.05m. 
A f t e r e x a m i n i n g the s i g n i f i c a n t wave h e i g h t s , c o m p a r i s o n s o f wave 
s k e w n e s s a n d a s y m m e t r y b e t w e e n t h e s e th r ee c a s e s a r e s h o w n i n F i g u r e 
4 . 6 . 4 b a n d F i g u r e 4 . 6 . 4 c . F o r a l l c a s e s wave s k e w n e s s i n c r e a s e s f i r s t t h e n 
d e c a y s o n t h e t r a n s m i s s i o n s i d e o f L C S , w h i l e wave a s y m m e t r y d e c r e a s e s 
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i n i t i a l l y b u t s u b s e q u e n t l y i n c r e a s e s u p to a m a x i m u m v a l u e . 
F o r t h e c a s e w i t h la rge p o r o s i t y , w a v e s k e w n e s s a n d a b s o l u t e a s y m m e t r y 
d e c r e a s e s to ze ro i n a s h o r t e r d i s t a n c e b e h i n d L C S t h a n t h o s e for t h e c a s e s 
w i t h s m a l l e r p o r o s i t i e s . T h e m a x i m u m w a v e s k e w n e s s a n d a s y m m e t r y o f t h e 
f o r m e r i s a l s o c l o s e r to L C S . The r e f o r e , l a r g e r p o r o s i t y c o r r e s p o n d s to 
s m a l l e r e x t en t o f the effect o f L C S . T h i s c a n be e x p l a i n e d b y t h e w o r k o f 
L o s a d a et a l . (1997) : I n c r e a s i n g p o r o s i t y i n c r e a s e s t h e effective w a t e r d e p t h 
(hef, t a k i n g i n t o a c c o u n t th e ef fects o f s t r u c t u r a l p e r m e a b i l i t y ) . M o r e o v e r , d u e 
to d i s s i p a t i o n i n th e p o r o u s m e d i u m , t h e r e l a t i v e w a v e h e i g h t , a/hef, 
d e c r e a s e s a n d the U r s e l l n u m b e r d e c r e a s e s a s w e l l . There f o re , i n c r e a s i n g 
p o r o s i t y wave s k e w n e s s a n d a s y m m e t r y d e c r e a s e a n d the c h a n c e o f 
h a r m o n i c g e n e r a t i o n i s r e d u c e d . 
4.6.6 Relative freeboards of LCS 
U n d e r t h e s a m e wave c o n d i t i o n s , H i = 0 . 1 0 m , Tpi=1.6s a n d h = 0 . 3 5 m , t h r e e 
c a s e s w i t h d i f f e rent f r e eboa rds ( i ? c = 0 . 0 5 m , O m a n d - 0 . 0 5 m ) were e m p l o y e d to 
inves t i ga t e the effect o f r e l a t i v e f r e e b o a r d s o n the wave s k e w n e s s a n d 
a s y m m e t r y . 
A s s h o w n i n F i g u r e 4 . 6 . 5 , the effect o f r e l a t i v e f r e eboa rds o n w a v e 
s k e w n e s s a n d a s y m m e t r y i s s i g n i f i c a n t o n t h e t o p o f the c r e s t a n d 
t r a n s m i s s i o n s i de b u t t h e s a m e d o e s n o t h o l d o n the i n c i d e n t s i d e . T h i s i s 
e x p e c t e d s i n c e t h e p e r m e a b i l i t y a n d s m a l l f r e e b o a r d s o f L C S c a u s e l e s s 
d i f f e rence i n r e f l e c t i on coe f f i c i en ts . D u e to m o r e d i s s i p a t i o n i n s i d e t h e 
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p o r o u s m e d i a , t h e c a s e w i t h a p o s i t i v e f r e eboa rd h a s s m a l l e r w a v e e n e r g y 
a n d s u b s e q u e n t l y s m a l l e r n o n l i n e a r i n t e r a c t i o n s ove r t h e s t r u c t u r a l c r e s t . It 
o b v i o u s l y c o r r e s p o n d s to s m a l l w a v e s k e w n e s s a n d a b s o l u t e a s y m m e t r y . 
H o w e v e r , c o m p a r i n g w i t h t h e c a s e w i t h a nega t i ve f r e e b o a r d , t h e c a s e w i t h a 
z e r o f r e e b o a r d h a s l a r g e r m a x i m u m w a v e s k e w n e s s a n d a s y m m e t r y , a s w e l l 
a s l a r g e r e x t e n t o f t h e effect o f L C S . T h e m a i n r e a s o n i s t h a t t h e c a s e w i t h a 
z e r o f r e e b o a r d c o r r e s p o n d s to a s m a l l e r ef fective w a t e r d e p t h o n t h e 
s t r u c t u r a l c r e s t . T a k i n g t h e d e f i n i t i o n i n L o s a d a et a l . (1997) , t h e effective 
w a t e r d e p t h o n t h e s t r u c t u r a l c r e s t i s a r o u n d 0 . 0 1 0 8 m for Rc=0 m a n d 
0 . 0 5 7 2 m for i ? c = 0 . 0 5 m w h e n the l i n e a r i z e d f r i c t i o n coe f f i c i en t e q u a l s 5. A s 
m e n t i o n e d i n C h a p t e r 3 , w a v e s k e w n e s s a n d a s y m m e t r y i n c r e a s e w i t h 
d e c r e a s i n g w a t e r d e p t h a n d i n c r e a s i n g U r s e l l n u m b e r . H a r m o n i c 
g e n e r a t i o n s i n c r e a s e w i t h t h e d e c r e a s i n g w a t e r d e p t h , a n d there fo re t h e y 
t a k e m o r e t i m e to b e r e l e a s e d o n the t r a n s m i s s i o n s i de ( L o s a d a et a l . , 1997 ) . 
A s a r e s u l t , a c o n c l u s i o n c a n be d r a w n t h a t c o a s t a l s t r u c t u r e w i t h a r o u n d 
z e r o f r e e b o a r d w i l l l e a d to t h e m a x i m u m wave s k e w n e s s a n d a s y m m e t r y a n d 
l a r g e e x t e n t o f t h e effect o f s t r u c t u r e s . C o a s t a l s t r u c t u r e w i t h a s m a l l 
p o s i t i v e f r e e b o a r d , h o w e v e r , h e l p s to r e d u c e w a v e s k e w n e s s a n d a s y m m e t r y 
s i g n i f i c a n t l y . 
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Figure 4.6.5 EfTect of relative freeboard on the evolution of (a) wave skewness (S) 
and (b) wave asymmetry {A) under the same wave conditions and structural geometry. 
Grey layer only represents the horizontal location of bottom geometry. B=1.0m. 
4.7 Discussions 
It h a s b e e n i n c r e a s i n g l y r e c o g n i z e d t h a t p r o n o u n c e d n o n l i n e a r e f fects i n 
s h a l l o w w a t e r i n d u c e a d r a m a t i c t r a n s f o r m a t i o n of w a v e s h a p e s f r o m i n i t i a l l y 
s y m m e t r i c , n e a r l y s i n u s o i d a l p ro f i l e s , to a s y m m e t r i c , p i t c h e d f o r w a r d 
pro f i l es c h a r a c t e r i s t i c o f n e a r - b r e a k i n g w a v e s . W i t h t h e p r e s e n c e o f L C S , 
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w a v e s k e w n e s s d e c r e a s e s i n th e s e a w a r d n e a r - f i e l d r e g i o n a n d i n c r e a s e s u p 
to t h e m a x i m u m o n t h e s t r u c t u r a l c r e s t ; i t t h e n d e c r e a s e s d r a m a t i c a l l y i n 
t h e l e e w a r d n e a r - f i e l d r e g i o n . W a v e a s y m m e t r y d e c r e a s e s i n th e s e a w a r d 
n e a r - f i e l d r e g i o n , d o w n to th e m i n i m u m v a l u e o n the s t r u c t u r a l c r e s t , a n d 
t h e n i n c r e a s e s u p to p o s i t i v e v a l u e i n th e l e e w a r d n e a r - f i e l d r e g i o n o f L C S . 
E l g a r a n d G u z a (1985 ) , D o e r i n g a n d B o w e n (1995) a n d R u e s s i n k (1998) 
c o n c l u d e d t h a t t h i s t r a n s f o r m a t i o n o f wave s k e w n e s s a n d a s y m m e t r y a r i s e s 
f r o m n o n l i n e a r t r i a d i n t e r a c t i o n s i n w h i c h two p r i m a r y wave c o m p o n e n t s 
w i t h f r e q u e n c i e s f i a n d f2 exc i t e a s e c o n d a r y w a v e c o m p o n e n t w i t h the s u m 
(fi+f2) o r d i f f e r ence (fi-f2, fi>f2) f r e q u e n c y . The re f o r e , B i s p e c t r a a n a l y s i s (See 
A p p e n d i x C) w a s e m p l o y e d h e r e to e x a m i n e t h e n o n l i n e a r i n t e r a c t i o n s 
o c c u r r i n g i n t h e w a v e p r o p a g a t i o n s over L C S . K i m a n d P o w e r s (1979) 
s h o w e d t h a t t h e b i - c o h e r e n c e , b2(f i , f2), r e p r e s e n t s th e f r a c t i o n o f p o w e r a t 
f r e q u e n c y fi+fa d u e to q u a d r a t i c c o u p l i n g of the 3 m o d e s (fi, f2, a n d fi+fa). 
T h e b i - c o h e r e n c e d o e s g ive a n i n d i c a t i o n o f t h e r e l a t i v e degree o f p h a s e 
c o u p l i n g b e t w e e n t r i a d s o f w a v e s (E l ga r a n d G u z a , 1985 ) , w i t h b=0 for 
r a n d o m p h a s e r e l a t i o n s h i p s , a n d b= 1 for a m a x i m u m a m o u n t o f c o u p l i n g . 
A s s h o w n i n F i g u r e 4 . 7 . 1 a , i n th e s e a w a r d n e a r - f i e l d z one i n c l u d i n g the 
s e a w a r d s l o p e , t h e r e i s n o t o n l y s t r o n g c o u p l i n g i n th e s u m i n t e r a c t i o n s 
b e t w e e n p r i m a r y f r e q u e n c y a n d i t s h a r m o n i c s , b u t a l s o s o m e c o u p l i n g i n the 
d i f f e r enc e i n t e r a c t i o n s b e t w e e n h a r m o n i c s a n d l o w f r e q u e n c i e s . T h e s e l ow 
f r e q u e n c i e s m a y be f r o m the r e f l e c t ed l o n g w a v e s f r o m L C S . H o w e v e r , o n the 
c r e s t t h e d i f f e r ence i n t e r a c t i o n s d i m i n i s h a n d s t r o n g e r c o u p l i n g s i n t h e s u m 
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i n t e r a c t i o n s b e t w e e n h i g h e r h a r m o n i c s a p p e a r ( F i gure 4 .7 .1b ) . I n t h e 
l e e w a r d n e a r - f i e l d z o n e i n c l u d i n g t h e l e e w a r d s l ope , d i f f e rence i n t e r a c t i o n s 
b e t w e e n h a r m o n i c s a n d l o w f r e q u e n c i e s i n c r e a s e g r a d u a l l y , a l o n g w i t h 
d e c r e a s i n g c o u p l i n g i n th e s u m i n t e r a c t i o n s b e t w e e n p r i m a r y f r e q u e n c y a n d 
i t s h a r m o n i c s ( F i gure 4 . 7 . 1 c a n d F i g u r e 4 . 7 . I d ) . A s c o n c l u d e d i n S e c t i o n 3 . 4 , 
s u m i n t e r a c t i o n s (fi, h, h+h) h a v e p o s i t i v e c o n t r i b u t i o n s to w a v e s k e w n e s s 
a n d nega t i v e c o n t r i b u t i o n s to w a v e a s y m m e t r y , a n d the d i f f e r ence 
i n t e r a c t i o n s (fi, f2, f2-fi) h a v e a nega t i v e c o n t r i b u t i o n to wave s k e w n e s s a n d 
pos i t i v e c o n t r i b u t i o n to wave a s y m m e t r y . 
Figure 4.7.1 Normalized power spectrum and bi-coherence, b2(fl, f2), of surface 
elevations (a) on the front slope (WGS), (b) on the crest (WG12), (c) on the rear slope 
(WG18) and (d) on the transmission side (WG21). The dotted lines represent the 
primary frequency and second harmonic. 
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T h e n o n h n e a r i n t e r a c t i o n s b e t w e e n p r i m a r y c o m p o n e n t s a n d h a r m o n i c s 
a r e c o n s i s t e n t w i t h e a r l i e r w o r k . B e j i a n d B a t t j e s (1993) f o u n d t h a t h i g h 
f r e q u e n c y e n e r g y i s g e n e r a t e d w h e n w a v e s p r o p a g a t e d over s u b m e r g e d b a r s . 
T h e y i n t e r p r e t e d t h e p h y s i c a l m e c h a n i s m a s the a m p l i f i c a t i o n o f b o u n d 
h a r m o n i c s d u r i n g t h e s h o a l i n g p r o c e s s a n d t h e i r r e l ease i n t h e d e e p e r r e g i o n , 
r e s u l t i n g i n t h e d e c o m p o s i t i o n o f t h e s e f in i te a m p l i t u d e w a v e s . I n a d d i t i o n , 
s i n c e w a v e s s a t i s f y t h e t r i p l e t r e s o n a n c e c o n d i t i o n s ( P h i l l i p s , 1960) o n the 
s t r u c t u r a l c r e s t , a v e r y r a p i d f l ow o f ene rgy i s t r a n s f e r r e d f r o m t h e p r i m a r y 
w a v e to t h e h i g h e r h a r m o n i c s . B r o s s a r d a n d C h a g d a l i (2001) a n d B r o s s a r d 
e t a l . (2009 ) c o n c l u d e d t h a t t h e d e c o m p o s i t i o n o f a wave a b o v e a s u b m e r g e d 
s t r u c t u r e i m p l i e s a t r a n s f e r o f e n e r g y f r o m t h e f u n d a m e n t a l m o d e t o w a r d s 
t h e b o u n d m o d e s , p h a s e - l o c k e d w i t h t h e f u n d a m e n t a l . 
T h e effect o f s u m a n d d i f f e r ence f r e q u e n c y i n t e r a c t i o n o n w a v e s k e w n e s s 
h a s b e e n i n t r o d u c e d b y C r a w f o r d (2000) , for c o m p l e t e n e s s we w i l l a l s o 
b r i e f l y d i s c u s s t h e m he re . T h e d i f f e r ence f r e q u e n c y i n t e r a c t i o n g e n e r a t e s 
l o n g w a v e s a n d u s u a l l y a c c o m p a n i e s a g r o u p o r b o u n d wave r e s p o n s e . T h i s 
g r o u p w a v e i s m a n i f e s t e d a s a d e p r e s s i o n o f t h e m e a n s u r f a c e e l e v a t i o n 
u n d e r t h e l a r g e s t w a v e s o f t h e g r o u p . There fo re , a p e a k y w a v e (pos i t ive 
s k e w n e s s ) i n t h e m i d d l e o f t h e g r o u p r i d i n g o n the i n c r e a s i n g d e p r e s s e d 
s u r f a c e h a s a n i n c r e a s i n g nega t i v e c o n t r i b u t i o n to w a v e s k e w n e s s . I n 
c o n t r a s t , t h e s u m f r e q u e n c y i n t e r a c t i o n g ene ra t e s m o r e s h o r t w a v e s , 
c o r r e s p o n d i n g to t h e r e l ease o f d e p r e s s e d m e a n s u r f a c e e l e v a t i o n . A p e a k y 
w a v e i n t h e m i d d l e o f the g r o u p r i d i n g o n the i n c r e a s i n g e l e va t ed s u r f a c e h a s 
a n i n c r e a s i n g p o s i t i v e c o n t r i b u t i o n to wave s k e w n e s s . 
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T h e effect o f t h e s u m a n d d i f f e rence f r e q u e n c y i n t e r a c t i o n s o n w a v e 
a s y m m e t r y c a n be u n d e r s t o o d p h y s i c a l l y t h r o u g h t h e f o l l o w i n g a r g u m e n t . 
S u m f r e q u e n c y i n t e r a c t i o n i n f r on t o f L C S h a s a r e s p o n s e o f s h o r t w a v e 
g e n e r a t i o n . D u e to th e d i s p e r s i v e effect, t h e s h o r t w a v e p r o p a g a t e s s l o w e r 
t h a n the p r i m a r y wave . T h e s h o r t wave i s g r a d u a l l y l a gged b y the p r i m a r y 
wave a n d a p p e a r s a t t h e t r a i l i n g edge o f t h e p r i m a r y wave ( i n d i c a t e d b y 
s q u a r e i n F i g u r e 4 .3 .3c ) . The re f o r e , w a v e d e v e l o p s a s a p i t c h i n g f o r w a r d 
wave , c h a r a c t e r i s t i c o f s h a r p f r on t face a n d gent l e r e a r face . O n the c r e s t o f 
L C S , w a v e s p r o p a g a t e a t t h e s a m e v e l o c i t y i n a r a t h e r n o n - d i s p e r s i v e 
m e d i u m d u e to s m a l l w a t e r d e p t h , t h u s w a v e a s y m m e t r y w i l l r e m a i n the 
s a m e . Howeve r , w h e n w a v e p r o p a g a t e s i n t o t h e d e ep w a t e r a b o v e t h e r e a r 
s l ope o f L C S , t h e d i s p e r s i v e effect b e c o m e s s i g n i f i c a n t a g a i n . D i f f e r ence 
f r e q u e n c y i n t e r a c t i o n d o m i n a t e s t h i s a r e a a n d g e n e r a t e s l o n g e r w a v e s . L o n g 
wave p r o p a g a t e s f as t e r t h a n t h e p r i m a r y w a v e , a n d i t g r a d u a l l y e x c e e d s the 
p r i m a r y w a v e a n d a p p e a r s a t t h e l e a d i n g edge ( i n d i c a t e d b y s q u a r e i n F i g u r e 
4 .3 .3e ) . T h u s , the wave evo l ves f r o m p i t c h i n g f o r w a r d to p i t c h i n g b a c k w a r d , 
c h a r a c t e r i s t i c o f gent l e f r on t face a n d s h a r p r e a r face . It s h o u l d be n o t e d t h a t 
t h e d i s s i p a t i o n i n d u c e d b y t h e c o n t i n u o u s s h e a r i n g a f ter wave b r e a k i n g , 
w h i c h m a k e t h e t u r b u l e n c e bo r e d e g e n e r a t e i n t o s m a l l - s c a l e m o t i o n s w i t h 
gent l e s l ope o f f r on t face (Bat t j es , 1988 ) , i t a l s o c o n t r i b u t e s to w a v e e v o l u t i o n 
f r o m p i t c h i n g f o r w a r d to s y m m e t r i c . A l t h o u g h p l u n g i n g wave b r e a k i n g w i l l 
r e d u c e the wave a s y m m e t r y a f ter the b r e a k p o i n t , the wave h a s b e e n 
t r a n s f o r m e d i n t o a t u r b u l e n t bo r e i m m e d i a t e l y a f te r w a v e b r e a k i n g , s t i l l 
c h a r a c t e r i z e d b y a s t eep , t u r b u l e n t f r on t a n d a n a r e a o f r e c i r c u l a t i n g f l ow 
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b e t w e e n t h e toe o f t h e f r on t (Bat t j es , 1988 ) . The r e f o r e , the d i f f e r ence o f wav e 
a s y m m e t r y be fo re a n d a f ter w a v e b r e a k i n g is s m a l l . 
I n c o n t r a s t w i t h t h e e v o l u t i o n o f w a v e s k e w n e s s a n d a s y m m e t r y o n a 
p l a n e b e a c h i n E l g a r a n d G u z a (1985 ) , the p r e s e n c e o f L C S c h a n g e s w a v e s 
f r o m p i t c h - f o r w a r d to p i t c h - b a c k w a r d ( c o r r e s p o n d i n g to c h a n g e the s i g n o f 
w a v e a s y m m e t r y f r o m n e g a t i v e to pos i t i ve ) . T h e wave s k e w n e s s h a s 
m i n i m u m v a l u e a r o u n d t h e s e a w a r d e n d of the c r e s t a n d m a x i m u m v a l u e 
a r o u n d t h e l e e w a r d e n d o f t h e c r e s t o f L C S . W a v e a s y m m e t r y h a s t h e 
m i n i m u m a b o v e t h e c r e s t a n d m a x i m u m v a l u e s o n the t r a n s m i s s i o n s i d e . 
T h i s e v o l u t i o n o f w a v e s k e w n e s s a n d a s y m m e t r y m a y affect t h e d i r e c t i o n s i n 
w a v e i n d u c e d s e d i m e n t t r a n s p o r t , c o n s e q u e n t l y m o d i f y i n g th e b e a c h 
m o r p h o l o g y a f t e r c o n s t r u c t i o n o f L C S . 
4.8 Summary 
A 2 - D R A N S - V O F m o d e l w a s e m p l o y e d to i n v e s t i g a t e the e v o l u t i o n o f w a v e 
s k e w n e s s a n d a s y m m e t r y o f w a v e s u r f a c e e l e v a t i o n s over L C S . C o m p u t e d 
s u r f a c e e l e v a t i o n s a n d w a v e a s y m m e t r i e s we r e i n good a g r e e m e n t w i t h 
l a b o r a t o r y m e a s u r e m e n t s c o l l e c t e d i n the s m a l l s c a l e wave c h a n n e l t e s t s a t 
t h e U n i v e r s i t y o f C a n t a b r i a ( U C A ) . T h e r e l a t i o n s h i p s o f c a l c u l a t e d s k e w n e s s 
a n d a s y m m e t r y a n d l o c a l m e a n U r s e l l n u m b e r a g r e e d r e a s o n a b l y w i t h the 
p r e d i c t i o n s o f t h e e m p i r i c a l f o r m u l a e i n S e c t i o n 3 . 3 . T h e r e s u l t s o f t h e 
p r e s e n t s t u d y e n l a r g e d the v a l i d a t e r a n g e s o f m e a n U r s e l l n u m b e r a n d we r e 
h e l p f u l to e x t e n d t h e a p p l i c a t i o n r a n g e s o f e m p i r i c a l f o r m u l a e . 
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O u r r e s u l t s s h o w t h a t w a v e s k e w n e s s i n c r e a s e s s l o w l y i n the far field b u t 
d e c r e a s e s i n the s e a w a r d n e a r - f i e l d r e g i o n ; i t t h e n i n c r e a s e s u p to t h e 
m a x i m u m o n the s t r u c t u r a l c r e s t t h e n d e c r e a s e s d r a m a t i c a l l y d o w n to 
a p p r o x i m a t e l y z e ro i n t h e l e e w a r d n e a r - f i e l d r e g i o n . W a v e a s y m m e t r y 
d e c r e a s e s f r o m ze ro o n t h e i n c i d e n t s i d e , d o w n to the m i n i m u m v a l u e o n t h e 
s t r u c t u r a l c r e s t , a n d t h e n i n c r e a s e s u p to p o s i t i v e v a l u e i n the l e e w a r d n e a r -
field r e g i o n o f L C S . F i n a l l y wave s k e w n e s s i n c r e a s e s a n d wave a s y m m e t r y 
d e c r e a s e s o n the b e a c h b e h i n d L C S . T h e p r e s e n c e o f L C S c h a n g e s w a v e s 
f r o m p i t c h - f o r w a r d to p i t c h - b a c k w a r d ( c o r r e s p o n d i n g to c h a n g e t h e s i g n o f 
wave a s y m m e t r y f r o m nega t i v e to pos i t i ve ) . T h e w a v e s k e w n e s s h a s 
m i n i m u m v a l u e a r o u n d t h e s e a w a r d e n d o f the c r e s t a n d m a x i m u m v a l u e 
a r o u n d the l e e w a r d e n d o f t he c r e s t o f L C S . W a v e a s y m m e t r y h a s t h e 
m i n i m u m above the c r e s t a n d m a x i m u m v a l u e s o n the t r a n s m i s s i o n s i d e . 
O u r a n a l y s i s o n f a c t o r s a f f e c t ing the e v o l u t i o n o f w a v e s k e w n e s s a n d 
a s y m m e t r y s h o w s t h a t l a rge w a v e h e i g h t c o r r e s p o n d s to l a r ge w a v e 
s k e w n e s s a n d s m a l l wave a s y m m e t r y o n b o t h s i d e s o f L C S . I n c i d e n t w a v e 
s h a p e s h a v e a s i g n i f i c a n t effect o n w a v e a s y m m e t r y o n l y o n the i n c i d e n t s i d e ; 
t h e nega t i v e l y s k e w e d w a v e h a s t h e l a r g e r f r e e - s t r e a m ve l o c i t y a n d a v e r a g e 
o v e r t o p p i n g d i s c h a r g e t h a n the p o s i t i v e l y s k e w e d wave . R a t e s o f i n c r e a s e o f 
wave s k e w n e s s a n d a s y m m e t r y abov e the c r e s t i n c r e a s e w i t h the d e c r e a s e i n 
the c r e s t w i d t h . T h e v a r i a t i o n s o f w a v e a s y m m e t r i e s d e c r e a s e w i t h i n c r e a s i n g 
wave p e r i o d s . L e e w a r d a r e a s w i t h t h e effect o f the s t r u c t u r e i n c r e a s e w i t h a n 
i n c r e a s e i n the wave p e a k p e r i o d a n d a d e c r e a s e i n the wave p o r o s i t y . 
M a x i m u m w a v e s k e w n e s s a n d a s y m m e t r y i n c r e a s e w i t h the i n c r e a s e o f 
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S t r u c t u r a l f r e e b o a r d f r o m n e g a t i v e o n e s to z e ro , b u t t h e y s u b s e q u e n t l y 
d e c r e a s e w i t h l a r g e r po s i t i v e f r e e b o a r d s . T h e r a n d o m n e s s i n i r r e g u l a r w a v e s 
h a s l i t t l e ef fect o n b o t h wave s k e w n e s s a n d a s y m m e t r y a c r o s s L C S . 
B i s p e c t r a l a n a l y s i s s h o w s t h a t t h e e v o l u t i o n o f w a v e s k e w n e s s a n d 
a s y m m e t r y a c r o s s th e L C S c a n be m a i n l y a t t r i b u t e d to d i f f e rence a n d s u m 
f r e q u e n c y i n t e r a c t i o n s . T h e r e a r e b o t h s u m i n t e r a c t i o n s a n d d i f f e rence 
i n t e r a c t i o n s i n t h e s e a w a r d n e a r - f i e l d r e g i o n o f L C S , w h i l e t h e s u m 
i n t e r a c t i o n s d o m i n a t e o n the c r e s t a n d d i f f e rence i n t e r a c t i o n s d o m i n a t e i n 
t h e l e e w a r d n e a r - f i e l d r e g i o n o f L C S . 
T h i s s t u d y p r o v i d e s n e w i n s i g h t s o n the ro l e o f w a v e s k e w n e s s a n d 
a s y m m e t r y o n t h e b r e a k w a t e r s s t a b i l i t y a n d s e d i m e n t t r a n s p o r t a r o u n d the 
s t r u c t u r e a n d o n t h e b e a c h e s b e h i n d i t . 
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CHAPTER 5 
SPATIAL DISTRIBUTION OF WAVE OVERTOPPING 
WATER BEHIND COASTAL STRUCTURES 
T h e s p a t i a l d i s t r i b u t i o n o f w a v e o v e r t o p p i n g w a t e r b e h i n d t h e s t r u c t u r e 
se ts t h e r e s t r i c t i o n to t h e u s e o f t h e a r e a s b e h i n d th e c o a s t a l d e f e n c e s a n d 
d e t e r m i n e s t h e c o n s e q u e n t d a m a g e s . B e t t e r u n d e r s t a n d i n g o f t h e s p a t i a l 
d i s t r i b u t i o n o f wave o v e r t o p p i n g w a t e r i s o f k e y i m p o r t a n c e to t h e d e s i g n o f 
s e a de f ences a n d the p l a c e m e n t o f r o a d s , w a l k w a y s , r a i l w a y s , b u i l d i n g s a n d 
o t h e r i n f r a s t r u c t u r e , e v en th e sa fe ty o f peop l e . It h e l p s e n g i n e e r s to e s t a b l i s h 
the e x t en t o f t h e h a z a r d o u s z o n e s b e h i n d th e s t r u c t u r e w h e n o v e r t o p p i n g i s 
a n t i c i p a t e d . 
T h e a i m o f t h i s s t u d y i s to u s e th e R A N S - V O F m o d e l to i n v e s t i g a t e t h e 
s p a t i a l d i s t r i b u t i o n s o f r a n d o m wave o v e r t o p p i n g ove r i m p e r m e a b l e c o a s t a l 
s t r u c t u r e s , p a y i n g s p e c i a l a t t e n t i o n to t h e effects of wave c o n d i t i o n s , 
s t r u c t u r a l g e ome t r i e s , a n d l a n d w a r d g r o u n d l eve l o n the s p a t i a l d i s t r i b u t i o n 
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o f w a v e o v e r t o p p i n g w a t e r . T h i s s t u d y c o m p a r e s t h e c a l c u l a t e d l a n d w a r d 
s p a t i a l d i s t r i b u t i o n o f w a v e o v e r t o p p i n g w a t e r w i t h m e a s u r e m e n t s o f C L A S H 
p r o j e c t , b y P u l l e n e t a l (2008) for v e r t i c a l w a l l a n d L y k k e A n d e r s e n (2006) for 
1:2 d i k e r e s p e c t i v e l y . 
T h i s c h a p t e r i n c l u d e s s i x p a r t s : f i r s t l y , a c o n c i s e l i t e r a t u r e s u r v e y o n w a v e 
o v e r t o p p i n g a n d i t s d i s t r i b u t i o n i s i n t r o d u c e d ; i t i s f o l l owed b y a d e s c r i p t i o n 
o f t h e n u m e r i c a l m o d e l i m p l e m e n t a t i o n ; a c o m p a r i s o n o f n u m e r i c a l r e s u l t s 
a n d m e a s u r e m e n t s i s g i v e n n e x t ; a l o n g w i t h a s e m i - a n a l y t i c a l m o d e l 
d e v e l o p e d to u n d e r s t a n d t h e u n d e r l y i n g p h y s i c s o f s p a t i a l d i s t r i b u t i o n o f 
o v e r t o p p i n g w a t e r . F a c t o r s a f f e c t i ng s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r 
o v e r c o a s t a l s t r u c t u r e s a r e a n a l y z e d a n d f i na l l y a b r i e f s u m m a r y i s g i v en . 
5.1 Introduction 
T h e c o m p l e x i t y i n v o l v e d i n t h e wave i n t e r a c t i o n w i t h L C B h a s l e d the 
m a j o r i t y o f i n v e s t i g a t o r s to r e s o r t to l a b o r a t o r y e x p e r i m e n t s a n d f i e ld 
m e a s u r e m e n t s . F o r e x a m p l e , a d a t a b a s e o n w a v e o v e r t o p p i n g c o n s i s t i n g o f 
m o r e t h a n 1 0 , 0 0 0 i r r e g u l a r w a v e o v e r t o p p i n g t e s t s c o l l e c t e d f r o m m o r e t h a n 
1 6 0 i n d e p e n d e n t p r o j e c t s o r t e s t s e r i e s w a s c r e a t e d i n the E U pro j e c t C L A S H 
b y v a n d e r M e e r et a l . ( 2009 ) . W a v e o v e r t o p p i n g ove r b r e a k w a t e r s a n d s e a 
w a l l s w a s e x t e n s i v e l y i n v e s t i g a t e d b y J e n s e n a n d S o r e n s e n (1979) a n d O w e n 
(1980 ) r e s p e c t i v e l y , f o l l owed b y T r o c h et a l . (2004 ) , B r i g a n t i et a l . (2005) , 
C a c e r e s et a l . ( 2005 ) , P u l l e n e t a l . (2008) , a n d F r a n c o et a l . (2009 ) . T h e w o r k 
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w a s e x t e n d e d to the s e a d i k e s b y T A W (2002 ) , S c h u t t r u m p f a n d v a n G e n t 
(2003) a n d L i et a L ( 2 0 0 4 ; 2 0 0 7 ) . B r u c e et a L (2009) e s t a b l i s h e d t h e 
i n f l u e n c e o f a r m o u r t ype a n d c o n f i g u r a t i o n o n o v e r t o p p i n g b a s e d o n s m a l l -
s c a l e p h y s i c a l m o d e l t e s t s . R e c e n t s t u d i e s we r e c a r r i e d o u t to i n v e s t i g a t e t h e 
i n f l u e n c e o f wave o b l i q u i t y a n d d i r e c t i o n a l s p r e a d i n g o n wave o v e r t o p p i n g o f 
r u b b l e m o u n d b r e a k w a t e r s b y L y k k e A n d e r s e n a n d B u r c h a r t h (2009) a n d 
c o m b i n e d wave o v e r t o p p i n g a n d s t o r m s u r g e ove r f l ow o f a levee w i t h a 
t r a p e z o i d a l c r o s s s e c t i o n b y H u g h e s a n d N a d a l (2009 ) . O n the o t h e r h a n d , 
n u m e r i c a l m o d e l l i n g o f w a v e o v e r t o p p i n g h a s g a i n e d p o p u l a r i t y r e c e n t l y . H u 
et a l . (2000) u s e d the n o n - l i n e a r s h a l l o w w a t e r e q u a t i o n s to s t u d y w a v e 
o v e r t o p p i n g . L i u et a l . (1999) a p p l i e d 2 D R A N S - V O F m o d e l , d e v e l o p e d b y L i n 
a n d L i u (1998) , to s t u d y w a v e o v e r t o p p i n g ove r p o r o u s s t r u c t u r e s . T h i s 
m o d e l w a s e m p l o y e d b y L o s a d a et a l . (2008 ) , Reeve et a l . (2008) a n d X i a o et 
a l . (2009) for t h e s i m u l a t i o n o f w a v e o v e r t o p p i n g . I n c o n t r a s t S h a o et a l 
(2006) e m p l o y e d the s m o o t h e d p a r t i c l e h y d r o d y n a m i c s (SPH) m e t h o d to 
i n v e s t i g a t e the s u r f a c e w a v e o v e r t o p p i n g . H o w e v e r , p r e v i o u s s t u d y o n w a v e 
o v e r t o p p i n g h a s m a i n l y f o c u s e d o n the o v e r t o p p i n g d i s c h a r g e a t t h e 
o v e r t o p p i n g p o i n t ( O w e n , 1 9 8 0 ; T r o c h et a l . , 2 0 0 4 ; S c h u t t r u m p f a n d 
O u m e r a c i , 2 0 0 5 ; B r u c e et a l . , 2 0 0 9 ; v a n d e r M e e r et a l . , 2 0 0 9 ) , b u t t h e r e i s 
l i t t l e w o r k o n the s p a t i a l d i s t r i b u t i o n o f wav e o v e r t o p p i n g w a t e r b e h i n d the 
s e a de f ences . 
J e n s e n a n d S o r e n s e n (1979) p r e s e n t e d s o m e r e s u l t s o f s p a t i a l 
d i s t r i b u t i o n o f wav e o v e r t o p p i n g d i s c h a r g e s b e h i n d a v e r t i c a l w a l l a n d 
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p r o p o s e d a n e m p i r i c a l e q u a t i o n to f it these r e s u l t s . W i t h i n the C L A S H 
p r o j e c t , B r u c e et a l . (2005) a n d P u l l e n et a l . (2008) c o l l e c t e d the s p a t i a l 
d i s t r i b u t e d o v e r t o p p i n g d a t a f r o m b o t h f ie ld a n d l a b o r a t o r y e x p e r i m e n t s . A 
r e l a t i o n s h i p b e t w e e n the s p a t i a l d i s t r i b u t i o n d a t a a n d t h e d i s t a n c e b e h i n d 
t h e s e a d e f e n c e s w a s e s t a b l i s h e d . T h e i r w o r k w a s o n l y for t h e v e r t i c a l w a l l i n 
t h e S a m p h i r e H o e a n d d i d n o t c o n s i d e r the effect o f l a n d w a r d g r o u n d l eve l . 
B a s e d o n t h e l a r g e s c a l e a n d s m a l l sca le e x p e r i m e n t s o n r u b b l e m o u n d 
b r e a k w a t e r s , L y k k e A n d e r s e n (2006) L y k k e A n d e r s e n a n d B u r c h a r t h (2006) 
a n d L y k k e A n d e r s e n et a l . (2007) p r o p o s e d a f o r m u l a w h i c h i s a f u n c t i o n o f 
w a v e s t e e p n e s s , i n c i d e n t a n g l e , s i g n i f i c a n t wave h e i g h t a n d l a n d w a r d g r o u n d 
l e v e l , to p r e d i c t t h e l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r . T h e s e 
f o r m u l a e w e r e b a s e d o n e x p e r i m e n t a l d a t a c o l l e c t e d b y a l i m i t e d n u m b e r o f 
b u c k e t s i n l a b o r a t o r y e x p e r i m e n t s , a n d h a v i n g l i m i t e d r e s o l u t i o n o f the 
s p a t i a l d i s t r i b u t i o n . T h e effect o f s t r u c t u r a l g e o m e t r y w a s a l s o n o t 
i n v e s t i g a t e d . E u r O t o p M a n u a l ( E u r O t o p , 2 0 0 8 ) r e c o m m e n d e d a f o r m u l a 
s l i g h t l y d i f f e r en t f r o m t h a t i n A n d e r s e n a n d B u r c h a r t h (2006) to p r e d i c t the 
l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r . T h i s f o r m u l a i s o n l y v a l i d 
for r u b b l e m o u n d s t r u c t u r e s w i t h a s l ope of a p p r o x i m a t e l y 1:2 a n d for a n g l e s 
o f w a v e a t t a c k b e t w e e n 0 a n d 4 5 . C u r r e n t l y , t h e r e i s l i t t l e d a t a o n the s p a t i a l 
d i s t r i b u t i o n o f w a v e o v e r t o p p i n g w a t e r l a n d w a r d o f i m p e r m e a b l e c o a s t a l 
s t r u c t u r e s ( B r u c e et a l . , 2 0 0 5 ) a n d a s a r e s u l t the r e i s l i m i t e d g u i d a n c e o n 
h o w to p a r a m e t e r i z e t h i s p r o c e s s . 
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5.2 RANS-VOF Model Implementation 
5.2.1 Set-up of RANS-VOF model 
P r i o r to the a p p l i c a t i o n s of th e R A N S - V O F m o d e l to i n v e s t i g a t e t h e s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g v o l u m e , t h e m o d e l w a s u s e d to e x a m i n e the 
o v e r t o p p i n g o f a s m o o t h i m p e r m e a b l e d i k e w i t h a 1:6 s e a w a r d s l ope , w h i c h 
h a s a l s o b e e n i n v e s t i g a t e d p r e v i o u s l y b y L i et a l . ( 2 0 0 4 ; 2 0 0 7 ) , S h a o et a l . 
(2006) , a n d I n g r a m et a l . (2009) . 
x ( m ) 
Figure 5.2.1 Sketch of computational domain. G l to G4 represent the locations of 
four wave gauges in the experiments; htoe is water depth at the toe of structures; SWL 
is still water level; Rc, B and tan(a) are the structural freeboard, crest width and 
seaward slope respectively. The origin of coordinates is at the landward end of 
structural crest with x for horizontal axis and y for vertical axis. 
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F i g u r e 5 . 2 . 1 s h o w s the s e t u p o f n u m e r i c a l s i m u l a t i o n s . T h e l e n g t h o f 
c o m p u t a t i o n d o m a i n i s 1 3 . 0 m x 1 . 0 m . T h e g e o m e t r y of t h e s e a d i k e 
i n c l u d e s a s e a w a r d s l ope o f 1 : 6 , a c r e s t w i t h a w i d t h o f 0 . 3 m a n d a h e i g h t o f 
0 . 8 m . A n i n t e r n a l w a v e - m a k e r d e v e l o p e d by L i n a n d L i u ( 1 9 9 9 ) w a s u s e d to 
g e n e r a t e r e g u l a r a n d i r r e g u l a r w a v e s . The d u r a t i o n o f s i m u l a t i o n s i s i n 
e x c e s s o f 3 0 0 s. A r a d i a t i o n b o u n d a r y , c o m p o s e d o f a n o p e n b o u n d a r y a n d a 
s p o n g e l a y e r , i s s p e c i f i e d a t t h e i n l e t b o u n d a r y , w h i l e a f r ee - s l i p b o u n d a r y 
c o n d i t i o n i s a p p l i e d to t h e s o l i d b o u n d a r i e s . A z e r o - s t r e s s c o n d i t i o n i s 
a p p l i e d a t t h e free s u r f a c e . T u r b u l e n t k i n e t i c e n e r g y k a n d d i s s i p a t i o n r a t e e 
a r e a s s u m e d to be a f u n c t i o n o f d i s t a n c e f r o m t h e s o l i d s u r f a c e a n d h a v e 
z e r o g r a d i e n t a t t h e free s u r f a c e . h t o e = 0 . 7 m i s w a t e r d e p t h a t the toe o f 
s t r u c t u r e s ; R c i s t h e s t r u c t u r a l f r e e b o a r d ; B i s s t r u c t u r a l c r e s t w i d t h ; tan(a) 
i s t h e s t r u c t u r a l s l ope ; G l to G 4 a r e s u r f a c e e l e v a t i o n g a u g e s i n th e 
e x p e r i m e n t s . 
5.2.2 Effect of mesh size 
T h e e f fects o f i n c r e a s i n g g r i d r e s o l u t i o n o n w a v e i n d u c e d m o t i o n s a r e 
i n v e s t i g a t e d w i t h t h r e e g r i d l e ve l s o f 1 3 0 0 ^ 1 0 0 , 7 2 5 x 8 5 a n d 3 5 0 ^ 4 0 . F o r 
g r i d l e v e l o f 1 3 0 0 ^ 1 0 0 , T h e g r i d s y s t e m i s u n i f o r m w i t h the m e s h s p a c i n g o f 
AxrO.Ol m a n d Ayj = 0 . 0 1 m . F o r g r i d l e ve l of 7 2 5 ^ 8 5 , the g r i d s y s t e m i s n o n -
u n i f o r m i n b o t h X - a n d y - d i r e c t i o n s , p r e s e n t i n g a m i n i m u m c e l l s i ze of Axi 
= 0 . 0 1 m a n d Ayj = 0 . 0 1 m i n t h e v i c i n i t y of free s u r f a c e a n d c o a s t a l 
s t r u c t u r e s . F o r g r i d l e ve l o f 3 5 0 ^ 4 0 , t h e g r i d s y s t e m i s n o n - u n i f o r m a s w e l l 
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b u t t h e m i n i m u m c e l l s i ze i s of Axi^0.02 m a n d Ai/j =0 .02 m . 
Figure 5.2.2 Effect of mesh size on the predicted surface elevations. H=0.16m, 
T=2.0s, h=0.7m and Rc=0.1m. 
T h e e x a m p l e o f wave o v e r t o p p i n g a s m o o t h i m p e r m e a b l e d i k e w i t h a 1:6 
s e a w a r d s l ope d e s c r i b e d b y L i et a l . (2004) w a s r e i n v e s t i g a t e d u s i n g th e 
R A N S - V O F m o d e l . R e g u l a r w a v e s w i t h w a v e h e i g h t H = 0 . 1 6 m a n d w a v e 
p e r i o d T=2.0 s were g e n e r a t e d b y a n i n t e r n a l s o u r c e r e g i o n , p l a c e d a t x=-6 .1 
m a w a y f r o m the toe o f s e a d i k e w i t h a w a t e r d e p t h o f 0 .7 m (F i gure 5 .2 .1 ) . 
F i g u r e 5 .2 .2 s h o w s the c o m p a r i s o n s o f s u r f a c e e l e v a t i o n s b e t w e e n d i f f e r en t 
m e s h g r i d l eve l s . T h e s u r f a c e e l e v a t i o n c a l c u l a t e d b y m e s h g r i d l e v e l o f 
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3 5 0 x 4 0 s h o w s l a r g e d i s c r e p a n c y a t G 4 a n d 0 5 f r o m t h o s e b y o t h e r two m e s h 
g r i d l e v e l s , a l t h o u g h the r e i s o n l y s m a l l u n d e r e s t i m a t i o n a t G 2 a n d G 3 . T h i s 
i s b e c a u s e t h e V O F s u r f a c e c a p t u r i n g s c h e m e w i t h c o a r s e m e s h l eve l c a n n o t 
c a p t u r e t h e d e t a i l s o f w a v e b r e a k i n g , w h i c h i s t h e m a j o r s o u r c e o f 
t u r b u l e n c e . It c o n s e q u e n t l y c a n n o t s i m u l a t e t h e a p p r o p r i a t e t u r b u l e n c e 
g e n e r a t i o n a n d d i s s i p a t i o n , l e a d i n g to i n c o r r e c t s u r f a c e e l e v a t i o n s . L i et a l 
(2004 ) a l s o c o n c l u d e d t h a t m o r e d e t a i l e d p h y s i c a l p h e n o m e n a o f m o t i o n s 
c a n b e r e p r e s e n t e d w i t h i n c r e a s e d m e s h r e f i n emen t . S i n c e m e s h g r i d l eve ls 
o f 1 3 0 0 x 1 0 0 a n d 7 2 5 x 8 5 h a s l i t t l e effect o n s u r f a c e e l e v a t i o n s for a l l wave 
g a u g e s , a c o n c l u s i o n c a n be d r a w n t h a t m e s h g r i d l eve l o f 7 2 5 x 8 5 i s f ine 
e n o u g h to c a p t u r e m o s t i m p o r t a n t p r o c e s s e s a s o t h e r f i ne r g r i d l eve l s . To 
sav e t h e c o m p u t a t i o n a l t i m e i n t h e c a s e s t u d i e s , we n e x t e m p l o y the m e s h 
g r i d l e ve l o f 7 2 5 x 8 5 to e x p l o r e t h e w a v e o v e r t o p p i n g . C a l c u l a t i o n o f wave 
p r o p a g a t i o n for 3 0 0 s w i t h c e l l s o f 7 2 5 * 8 5 r e q u i r e s a b o u t 3 0 C P U h o u r s 
u s i n g a s i n g l e p r o c e s s o r o f I n t e l C o r e 2 C P U 6 6 0 0 @ 2 . 4 G H z , 2 . 4 G H z . 
5.3 Model Validation 
5.3.1 Surface elevation 
T h e c a s e o f w a v e o v e r t o p p i n g o ve r a 1:6 i m p e r m e a b l e d i k e i n S e c t i o n 5 .2 .2 
c a n b e v a l i d a t e d b y m e a s u r e m e n t s i n L i et a l . (2004) . F i g u r e 5 . 3 . 1 s h o w s 
t h a t t i m e h i s t o r y o f the c a l c u l a t e d su r f a c e e l e v a t i o n a t G 2 a n d G 4 are i n 
g o o d a g r e e m e n t w i t h m e a s u r e m e n t s o f L i et a l (2004) , a l t h o u g h the r e i s a 
144 
CHAPTER 5 SPATIAL DISTRIBUTION OF W A V E OVERTOPPING W A T E R 
d i s c r e p a n c y a t G 4 b e t w e e n t h e p r e s e n t m o d e l a n d m e a s u r e d d a t a . T h i s m a y 
be d u e to t h e 3 - D effect o f h i g h l y n o n l i n e a r w a v e s a t G 4 , c h a r a c t e r i s e d b y a 
g r a d u a l p e a k i n g o f c r e s t s , f l a t t e n i n g o f t r o u g h s a n d p i t c h i n g f o r w a r d to t h e 
s e a d i k e . 
(b> G 4 
-0.05 -
-0.1 
12 14 16 18 20 22 
t(s) 
12 14 16 18 20 22 
t(s) 
Figure 5.3.1 Calculated surface elevations (solid line) and measured surface 
elevations of L i et aL (2007) (circles) at (a) G2 and (b) G4. H=0.16m, T=2.0s, h=0.7m 
and R<:=0.1m. 
5.3.2 Average overtopping discharge 
T a b l e 5 .3 .1 l i s t s a t o t a l o f 3 5 t e s t s w i t h t h e d i f f e ren t wave c o n d i t i o n s a n d 
c o a s t a l s t r u c t u r a l g e o m e t r i e s u s e d i n t h i s s t u d y . T h e o u t p u t s o f e a c h t e s t 
c a s e we r e s a m p l e d a t 4 0 H z for 3 0 0 - s e c o n d . T h e r e a r e 3 wave h e i g h t s , 2 
wave p e r i o d s , 7 s t r u c t u r a l s l o p e s , 4 r e l a t i v e c r e s t w i d t h s , 8 l a n d w a r d g r o u n d 
leve ls a n d 3 re l a t i v e f r e eboa rds . T e s t No . 16 to No . 3 5 a r e u s e d to i n v e s t i g a t e 
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t h e ef fect o f t h e r a n d o m n e s s i n w a v e s o n s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g 
w a t e r . A l l i r r e g u l a r w a v e s a r e g e n e r a t e d t h r o u g h the i n t e r n a l s o u r c e r e g i o n 
u s i n g t h e t h e o r y o f T M A s p e c t r u m ( A p p e n d i x B ) . 
Table 5.3.1 Overall view of numerical simulations of spatial distribution of 
overtopping water 
Case No. H i (m) Tpi (s) htoe (m) Rc (m) B ( m ) tan(a) 
1 n 14 0. 0 0 7 0 1 0 3 1 6 
2 0 . 1 6 2 .0 0 .7 0.1 0 .3 1 6 
3 0 . 1 4 1.6 0 .7 0.1 0 .3 1 6 
4 0 . 1 6 1.6 0 .7 0.1 0 .3 1 6 
5 0 . 1 2 1.6 0 .7 0.1 0 .3 1 8 
6 0 . 1 2 1.6 0 .7 0.1 0 .3 1 4 
7 0 . 1 2 1.6 0 .7 0.1 0 .3 1 3 
8 0 . 1 2 1.6 0 . 7 0.1 0 .3 1 2 
9 0 . 1 2 1.6 0 . 7 0.1 0 .3 1 1 
10 0 . 1 2 1.6 0 .7 0.1 0 .3 V e r t i c a l 
11 0 . 1 6 2 . 0 0 .7 0 . 1 5 0 .3 1 6 
12 0 . 1 6 2 .0 0 .7 0 . 0 5 0 .3 1 6 
13 0 . 1 2 1.6 0 .7 0.1 0 .6 1 6 
14 0 . 1 2 1.6 0 .7 0.1 0 .9 1 6 
15 0 . 1 2 1.6 0 .7 0.1 0 .0 1 6 
1 6 - 3 5 0 . 1 2 1.6 0 .7 0.1 0 3 1:6 
F i g u r e 5 . 3 . 2 s h o w s t h a t c a l c u l a t e d d i m e n s i o n l e s s a v e r a g e d o v e r t o p p i n g 
d i s c h a r g e s a r e i n g o o d a g r e e m e n t w i t h the p r e d i c t i o n s o f E q u a t i o n s (A l ) a n d 
(A3) a g a i n s t t h e r e l a t i v e f r e e b o a r d s . C a l c u l a t e d d i m e n s i o n l e s s o v e r t o p p i n g 
d i s c h a r g e i s s i g n i f i c a n t l y u n d e r e s t i m a t e d c o m p a r e d w i t h the p r e d i c t i o n s for 
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l a r ge r e l a t i v e f r e eboa rds . T h i s i s p r o b a b l y d u e to t h e i n a b i l i t y o f t h e m o d e l to 
c a p t u r e s m a l l o v e r t o p p i n g v o l u m e s , s u c h a s s p r a y . A n o t h e r p o s s i b l e 
e x p l a n a t i o n for t h i s u n d e r e s t i m a t i o n i s t h a t t h e a i r effect i s i g n o r e d i n t h e 
n u m e r i c a l m o d e l , s i n c e de W a a l e t a l . (1996) a n d P u l l e n et a l . (2008) f o u n d 
t h a t the i n c r e a s e d u e to w i n d i s l a r g e w h e n t h e d i s c h a r g e is s m a l l a n d i t s 












0 Numerical results Eq. A l by Van der Meer and Janssen (1995) • Eq.A3byTAW(2002) J L 0 
0.2 0.4 0.6 0.8 1.2 1.4 
R 
Figure 5.3.2 Comparisons of dimensionless overtopping discharge, 
Q=%*sl^(d}/{<^p*y[g*ff), against the dimensionless freeboards, R=I{I{H*Q (§p is surf 
similarity with the peak period at the toe of structures), between numerical results 
and empirical formulae. 
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5.3.3 Landward spatial distribution of overtopping water 
P u l l e n e t a l (2008 ) a n d L y k k e A n d e r s e n a n d B u r c h a r t h (2006) h a v e 
m e a s u r e d l i m i t e d s p a t i a l d i s t r i b u t i o n s of w a v e o v e r t o p p i n g w a t e r for a 
v e r t i c a l w a l l a n d a s e a d i k e w i t h 1:2 s e a w a r d s l ope . N u m e r i c a l s i m u l a t i o n s 
c a n p r o v i d e h i g h r e s o l u t i o n r e s u l t s a n d are m u c h m o r e e c o n o m i c a l t h a n t h e 
a s s o c i a t e d p h y s i c a l e x p e r i m e n t s . 
A s s h o w n i n F i g u r e 5 . 3 . 3 , t h e p r o p o r t i o n o f o v e r t o p p i n g v o l u m e p a s s i n g 
t h e l a n d w a r d l o c a t i o n x d e c a y s r a p i d l y at f i r s t (w i th d i s t a n c e x f r o m the 
s t r u c t u r e ) a n d t h e n s l o w s w i t h f u r t h e r i n c r e a s e i n x a w a y f r o m t h e s t r u c t u r e , 
s o t h a t t h e b u l k o f wave o v e r t o p p i n g w a t e r fa l l s i n t o t h e a r e a i m m e d i a t e l y 
b e h i n d t h e s t r u c t u r e . C o m p a r i s o n s o f l a n d w a r d s p a t i a l d i s t r i b u t i o n o f wave 
o v e r t o p p i n g w a t e r b e h i n d t h e s t r u c t u r e were d o n e for the 1:2 s e a w a r d s l ope 
c a s e a n d for a v e r t i c a l w a l l , a t z e r o l a n d w a r d g r o u n d l eve l . T h e c a l c u l a t i o n s 
a r e i n g o o d a g r e e m e n t w i t h t h e m e a s u r e m e n t s , b y P u l l e n et a l (2008) for 
v e r t i c a l w a l l ( F i g u r e 5.3.3a) a n d L y k k e A n d e r s e n (2006) for t h e s l ope of 1:2 
( F i g u r e 5 .3 .3b ) . T h e d i v e r g e n c e i n r e s u l t s for t h e c a s e w i t h t h e s l ope c a s e 
m a y be a r e s u l t o f the d i f f e r i n g g eome t r y u s e d . M e a s u r e m e n t s o f L y k k e 
A n d e r s e n (2006) w e r e for p e r m e a b l e s t r u c t u r e w i t h a c r e s t w i d t h o f 0 . 1 7 m , 
a n d t h e d a t a w a s c o l l e c t e d i n o n l y f o u r c h a m b e r s ; w h i l e p r e s e n t w o r k i s for 
i m p e r m e a b l e s t r u c t u r e w i t h t h e c r e s t w i d t h o f 0 . 3 m , a n d the s p a t i a l 
d i s t r i b u t i o n d a t a o f o v e r t o p p i n g w a t e r h a s h i g h r e s o l u t i o n s . 
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Figure 5.3.3 Comparisons of landward spatial distribution of overtopping water 
between numerical results and measurements for (a) a vertical wall and (b) a sea dike 
with the seaward slope of 1:2. V(x)/Vt is the proportion of overtopping volume passing 
x; Vt is the cumulative overtopping volume; Lo is deep water wave length with the 
mean period and Hi is significant wave height at the toe of sea dike; landward ground 
level hmeas=0 for both cases. 
5.4 Semi-Analytical Model 
It i s w e l l k n o w n t h a t wave r u n - u p s i g n i f i c a n t l y af fects t h e w a v e 
o v e r t o p p i n g p r o c e s s . F o r a c e r t a i n f r e e b o a r d o f c o a s t a l s t r u c t u r e , t h e l a r g e r 
t h e wave r u n - u p he i gh t , t h e l a r g e r o v e r t o p p i n g v o l u m e over t h e c r e s t i s . 
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H u n t (1959 ) p r o p o s e d the f o l l o w i n g f o r m u l a for t h e 2 % re l a t i v e r u n - u p l eve l 
o n i m p e r m e a b l e s t r u c t u r e s : 
w h e r e C i=1.5 for i r r e g u l a r w a v e a n d 1.0 for r e g u l a r wave ; Ru2%is t h e r u n -
u p t h a t o n l y t w o p e r c e n t o f t h e w a v e r u n - u p v a l u e s o b s e r v e d w i l l r e a c h o r 
e x c e e d ; Hi i s s i g n i f i c a n t w a v e h e i g h t a t the toe o f t h e d i k e ; Tm i s m e a n w a v e 
p e r i o d ; Z,Q=gr,^/(2;/r) i s deep w a t e r w a v e l e n g t h a n d i s s u r f s i m i l a r i t y : 
It i s e x p e c t e d t h a t s p a t i a l d i s t r i b u t i o n of wa ve o v e r t o p p i n g w a t e r b e h i n d 
t h e s t r u c t u r e i s m a i n l y a f fec ted b y th e l a n d w a r d g r o u n d leve l , t h e h o r i z o n t a l 
v e l o c i t y a n d t h e l a y e r t h i c k n e s s o n the l a n d w a r d e n d o f t h e d i k e c r e s t . 
S c h u t t r u m p f a n d O u m e r a c i (2005) d e r i v e d th e g e n e r a l f o r m u l a e o f l a y e r 
t h i c k n e s s o n t h e d i k e c r e s t . HA, a t t h e l a n d w a r d e n d o f t h e c r e s t (x=0): 
= c , * 4 /or 4, < 2.0 (5.4.1) 
= 2.0*c, /or 4 > 2.0 (5.4.2) 
^„=tan(«)/7//,/Lo . 
tan{a)*x^ 
) * e x p ( - C 3 - f ) (5.4.3) 
x,=c,*^H,*L, if^„< 2.0 
i/L > 2.0 
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w h e r e HA i s the l a y e r t h i c k n e s s o n the d i k e c r e s t ; xz i s h o r i z o n t a l w a v e 
r u n - u p l e n g t h ; tan(a) i s the s t r u c t u r a l s l ope ; C2 = 0 . 1 6 8 / t a n a , C3=0.75 (for 
i r r e g u l a r wave ) ; g i s g r a v i t y a c c e l e r a t i o n . 
S c h u t t r u m p f a n d O u m e r a c i (2005) f o u n d t h a t the v a r i a t i o n o f t h e 
o v e r t o p p i n g v e l o c i t y a l o n g the d i k e c r e s t w i d t h i s o n l y i n f l u e n c e d b y b o t t o m 
f r i c t i o n . T h e d i k e c r e s t e m p l o y e d he r e i s r e l a t i v e l y s h o r t (B=0.30 m) a n d t h e 
s u r f a c e o f t h e m o d e l l e d d i k e w a s ve ry s m o o t h . The re f o r e , t h e v e l o c i t y 
c h a n g e s a l o n g the d i k e c r e s t c a n be i g n o r e d . T h e h o r i z o n t a l v e l o c i t y a t t h e 
l a n d w a r d e n d o f the c r e s t (x=0 m) c a n be c a l c u l a t e d b y E q u a t i o n (10) i n 
S c h u t t r u m p f a n d O u m e r a c i (2005 ) : 
w h e r e a^„ =0 .75 ; UA,5O% i s w a v e v e l o c i t y o n t h e s t r u c t u r a l c r e s t , e x c e e d e d 
b y 5 0 % o f t h e i n c o m i n g w a v e s ; SQ = yjH, I LQ i s d e e p w a t e r wa ve s t e e p n e s s . 
T h e l a n d w a r d t r a j e c t o r y o f o v e r t o p p i n g w a t e r w i t h i n i t i a l v e l oc i t y , UA,50%, i s 
t r e a t e d a s free fa l l a n d t a k e s t h e s h a p e o f a p a r a b o l a . T h e t r a v e l d i s t a n c e , 
x(y}, o f o v e r t o p p i n g w a t e r a t t h e e l e v a t i o n o f y above the c r e s t is g i v e n by : 
du A . 5 0 % 
V dt J 
^y±Kea^ where 0 < y < h^{x = 0) (5.4.5) 
w h e r e aax a n d aay r e p r e s e n t t h e a c c e l e r a t i o n i n d u c e d b y the a i r r e s i s t a n c e . 
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I n E q u a t i o n (5 .4 .5 ) , a s s u m i n g the a i r effect i s neg l i g i b l e a n d the h o r i z o n t a l 
a c c e l e r a t i o n o f o v e r t o p p i n g w a t e r i s z e r o . E q u a t i o n (5.4.5) c a n be r e w r i t t e n i n 
a s i m p l e r f o r m : 
x{y) = u * • A . 5 0 % ^iy + K,eJ where 0<y<h^{x = 0) (5.4.6) 
g 
B y d i v i d i n g t h e l a y e r t h i c k n e s s o n t h e s t r u c t u r a l c r e s t . HA, i n t o 10 u n i t s , 
e a c h u n i t h a s t h e s a m e h o r i z o n t a l v e l o c i t y a n d u n i t h e i g h t b u t d i f f e rent 
e l e v a t i o n y . T h e p r o p o r t i o n o f o v e r t o p p i n g v o l u m e p a s s i n g l a n d w a r d l o c a t i o n 
X c a n be c a l c u l a t e d f r o m E q u a t i o n s (5.4.3)- (5.4.6). 
A c a s e o f i r r e g u l a r w a v e o v e r t o p p i n g o ve r a 1:6 s e a d i k e (Case No . 16) w a s 
i n v e s t i g a t e d , w i t h H ! = 0 . 1 2 m , rp,= 1.6s a n d the s a m e g e o m e t r y a s s h o w n i n 
F i g u r e 5 . 2 . 2 . F i g u r e 5 .4 .1 s h o w s the c o m p a r i s o n s o f l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r b e t w e e n s e m i - a n a l y t i c a l a n d n u m e r i c a l 
r e s u l t s a n d m e a s u r e m e n t s . T h e s e m i - a n a l y t i c a l l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r o v e r a 1:6 d i k e i s i n g o o d a g r e e m e n t w i t h 
t h e n u m e r i c a l r e s u l t s ( F i gu r e 5 .4 .1a ) . T h e g e n e r a l t r e n d o f s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r o v e r a 1:2 d i k e ag rees r e a s o n a b l y w e l l w i t h 
b o t h n u m e r i c a l r e s u l t s a n d m e a s u r e m e n t s (F i gure 5 .4 .1b ) . H o w e v e r , the 
n u m e r i c a l r e s u l t s a n d m e a s u r e m e n t s t e n d to s p r e a d p a r t o f o v e r t o p p i n g 
w a t e r i n t o a f a r t h e r a r e a for b o t h c a s e s . B e a r i n g i n m i n d the a s s u m p t i o n s o f 
t h i s s e m i - a n a l y t i c a l m o d e l , t h i s i s m a i n l y b e c a u s e the v e l o c i t y u s e d i n 
E q u a t i o n (5.4.6) i s t h e a v e r a g e d v e l o c i t y o n the s t r u c t u r a l c r e s t w h i c h 5 0 % o f 
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t h e i n c o m i n g w a v e s w i l l e x c e e d . T h e s e 5 0 % o f w a v e s h a v e l a r g e r v e l o c i t i e s 
t h a n UA,5O%, c o n s e q u e n t l y , c a u s i n g the o v e r t o p p i n g w a t e r to t r a v e l f a r t h e r . 
A n o t h e r p o s s i b l e r e a s o n i s t h a t t h e s i g n i f i c a n t w a v e h e i g h t u s e d i n 
E q u a t i o n s (5.4.3) a n d (5.4.4) , Hi, i s a p p r o x i m a t e l y t h e average h e i g h t o f o n e -
t h i r d l a r g e s t w a v e s ; there fo re , t h e s e m i - a n a l y t i c a l m o d e l i g n o r e s t h e 
o v e r t o p p i n g p a r t s o f s o m e i n d i v i d u a l l a r g e r w a v e s , w h i c h are a b l e to t r a v e l 
f a r the r . 
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Figure 5.4.1 Comparisons of landward spatial distribution of overtopping water 
over (a) a 1:6 dike and (b) a 1:2 dike between semi-analytical results, numerical results 
and measurements. Hi=0.12m. 
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5.5 Parameter Analysis of Model Results 
W e w i l l n e x t l o o k a t t h e ef fects o f s t r u c t u r a l s l ope , t a n ( a l , i n c i d e n t 
s i g n i f i c a n t w a v e h e i g h t , Hi, m e a n p e r i o d o f i n c i d e n t wave , Tm, wav e 
r a n d o m n e s s , s t r u c t u r a l r e l a t i v e c r e s t w i d t h , B/Lp, s t r u c t u r a l r e l a t i v e 
f r e e b o a r d , Rc/H a n d l a n d w a r d g r o u n d leve l , hmeas, on t h e l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r . T h e s e p a r a m e t e r s we r e f o u n d a b o v e to be 
i m p o r t a n t i n w a v e o v e r t o p p i n g p r o c e s s over c o a s t a l s t r u c t u r e s i n th e s e m i -
a n a l y t i c a l m o d e l . 
5.5.1 Incident wave condition 
It i s w e l l k n o w n t h a t t h e r e l a t i v e wave h e i g h t (wave h e i g h t d i v i d e d b y 
w a t e r d e p t h ) a n d r e l a t i v e w a v e l e n g t h (wave l e n g t h d i v i d e d b y w a t e r dep th ) 
a r e v e r y i m p o r t a n t to t h e w a v e o v e r t o p p i n g p r o c e s s e s . L a r g e r e l a t i v e h e i g h t 
c o r r e s p o n d s to l a r g e o v e r t o p p i n g v o l u m e , a n d l a r g e r r e l a t i v e wave l e n g t h 
c o r r e s p o n d s to a l a r g e r p h a s e v e l o c i t y t o w a r d s the o v e r t o p p i n g p o i n t a n d o n 
t h e s t r u c t u r a l c r e s t . T h e U r s e l l n u m b e r , Ur=HsL(p/h3 (H i s the s i g n i f i c a n t 
w a v e h e i g h t a t t h e toe o f s t r u c t u r e s , Lo i s t h e de ep w a t e r wave l e n g t h w i t h 
t h e m e a n p e r i o d Tm a n d htoe i s w a t e r d e p t h a t t h e toe o f s t r u c t u r e s ) , c a n 
r e p r e s e n t t h e c o m b i n a t i o n ef fects o f w a v e he i gh t a n d w a v e l e n g t h . 
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F i g u r e 5.5.1 E f f ec t o f U r s e l l n u m b e r o f i n c i d e n t waves o n l andwa rd s p a t i a l 
d i s t r i b u t i o n o f o v e r t o p p i n g water , htoe=0.7m, B=0 .3m, tan(a)=l:6, J?c=0.1m a n d 
F i g u r e 5 .5 .1 s h o w s the i n f l u e n c e o f U r s e l l n u m b e r o n l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f wave o v e r t o p p i n g w a t e r . A t t h e s a m e r e l a t i v e l a n d w a r d 
d i s t a n c e , the p r o p o r t i o n o f o v e r t o p p i n g w a t e r p a s s i n g x i n c r e a s e s w i t h t h e 
i n c r e a s i n g U r s e l l n u m b e r . F o r s m a l l U r s e l l n u m b e r , a l a rge p a r t o f 
o v e r t o p p i n g w a t e r f a l l s i n t o t h e l o c a t i o n s c l o s e to t h e s t r u c t u r e s , b u t for 
large U r s e l l n u m b e r i t f a l l s i n t o t h e l o c a t i o n s f a r t h e r a w a y f r o m th e 
s t r u c t u r e s . It i s s h o w n i n F i g u r e 5 .5 .1 t h a t o v e r t o p p i n g w a t e r m a i n l y f a l l s 
i n s i d e o n e - q u a r t e r o f the s i g n i f i c a n t w a v e h e i g h t b e h i n d t h e s t r u c t u r e for 
Ur^lA, w h i l e i t fa l l s i n t o a l a r g e r a r e a , u p to o n e a n d h a l f s i g n i f i c a n t w a v e 
h e i g h t s b e h i n d the s t r u c t u r e for (7/^5.05. 
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5.5.2 Randomness in incident waves 
S i n c e r a n d o m w a v e s a r e c o m m o n i n r ea l s e a s t a t e s , i t i s n e c e s s a r y to 
i n v e s t i g a t e t h e ef fect o f w a v e r a n d o m n e s s o n the l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f w a v e o v e r t o p p i n g w a t e r . T h e effect of w a v e r a n d o m n e s s w a s 
i n v e s t i g a t e d b y g e n e r a t i n g 2 0 se t s o f i r r e g u l a r w a v e s , r a n d o m l y f r o m T M A 
s p e c t r u m w i t h t h e s a m e s i g n i f i c a n t w a v e h e i g h t a n d p e a k p e r i o d a t the toe o f 
s t r u c t u r e s ( C a s e N o . 16 to N o . 35 ) . T h e s i m u l a t i o n t i m e i s 3 0 0 s , 
a p p r o x i m a t e l y 2 0 0 w a v e s . T h e g e o m e t r y a n d b o u n d a r y c o n d i t i o n s a r e a l s o 
t h e s a m e for a l l t h e s e 2 0 c a s e s . 
t ( s ) 
n 1 1 \ 1 1 r 
(b) 
J I "'''''**r--^\ I I I I 
0.2 0.4 0.6 0.8 1 1.2 1.4 
x/H. 
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Figure 5.5.2 Effect of wave randomness on (a) cumulative overtopping volume (Vt) 
and (b) landward spatial distribution of overtopping water. Solid line represents the 
expected value and the dashed lines show the 95% confidence levels of the expected 
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F i g u r e 5 .5 .2 s h o w s the effect o f r a n d o m n e s s o n c u m u l a t i v e o v e r t o p p i n g 
v o l u m e a n d l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r for t h e first 
2 0 0 w a v e s . T h e m a x i m u m s t a n d a r d d e v i a t i o n i s 0 . 0 0 4 ( expec ted v a l u e 
^=0.037) for the c u m u l a t i v e v o l u m e , a n d i s 0 . 0 4 ( expec ted v a l u e ^=0.31) for 
the p r o p o r t i o n o f o v e r t o p p i n g w a t e r p a s s i n g x . The re f o r e , the effect o f w a v e 
r a n d o m n e s s o n the o v e r t o p p i n g d i s c h a r g e a n d l a n d w a r d s p a t i a l d i s t r i b u t i o n 
i s n o t s i g n i f i c a n t , a l t h o u g h t h e effect o f r a n d o m n e s s o n c u m u l a t i v e 
o v e r t o p p i n g v o l u m e i s l a r g e r t h a n o n l a n d w a r d s p a t i a l d i s t r i b u t i o n o f 
o v e r t o p p i n g w a t e r . A c o n c l u s i o n c o u l d be d r a w n t h a t s p a t i a l d i s t r i b u t i o n o f 
w ave o v e r t o p p i n g i s m a i n l y d e p e n d e n t o n the p a r a m e t e r s o f p e a k wave 
c o m p o n e n t s (e.g. H i a n d Tpi). 
5.5.3 Seaward slope of the structure 
T y p e s o f b r e a k i n g w a v e s , s u c h a s s p i l l i n g , p l u n g i n g , c o l l a p s i n g a n d 
s u r g i n g , o c c u r o n the c o a s t d e p e n d i n g o n the s u r f s i m i l a r i t y , c o n s i s t i n g o f 
i n c i d e n t w ave s t e e p n e s s a n d b o t t o m s l ope (Bat t j es , 1974) . W a v e e n e r g y 
re f l ec ted f r o m the c o a s t i s a l s o d e p e n d e n t o n the s u r f s i m i l a r i t y . The r e f o r e , 
s e a w a r d s t r u c t u r a l s l o p e s a s s o c i a t e w i t h w a v e r e f l e c t i on coe f f i c i en ts , w a v e 
b r e a k e r s a n d wave r u n - u p s o n the s e a w a r d s l o p e s . A n i n v e s t i g a t i o n o f t h e 
effect o f s t r u c t u r a l s l o p e s o n l a n d w a r d s p a t i a l d i s t r i b u t i o n o f w a v e 
o v e r t o p p i n g w a t e r w i l l be p r e s e n t e d nex t . 
S e v e n c a s e s w i t h s t r u c t u r a l s l o p e s o f 1:8, 1:6, 1:4, 1:3, 1:2, 1:1 a n d a 
157 
C H A P T E R 5 SPATIAL DISTRIBUTION OF W A V E OVERTOPPING W A T E R 
v e r t i c a l w a l l a r e e x a m i n e d r e s p e c t i v e l y . A l l c a s e s (Case No . 5 to No . 10 a n d 
N o . 16) h a v e t h e s a m e g e n e r a t e d w a v e s f r o m a n i n t e r n a l w a v e m a k e r a n d the 
s a m e f r e e b o a r d s . A s s h o w n i n t h e F i g u r e 5 . 5 . 3 , t h e p r o p o r t i o n o f w a v e 
o v e r t o p p i n g v o l u m e p a s s i n g x i n c r e a s e s a s t h e s t r u c t u r a l s l ope i n c r e a s e s 
f r o m 1:8 to 1:3, b u t i t d e c r e a s e s a s t h e s lope i n c r e a s e s f u r t h e r f r o m 1:3 to a 
v e r t i c a l w a l l . A l l t h e p r o p o r t i o n o f wave o v e r t o p p i n g w a t e r d e c r e a s e s 
e x p o n e n t i a l l y w i t h d i s t a n c e x a w a y f r o m the s t r u c t u r e . 
Figure 5.5.3 Effect of structural seaward slope, tan(a), on the landward spatial 
distribution of overtopping water. Hi=0.12m, Tpi= 1.6s, htoe=0.7m, R - O . l m , B=0.3m 
and hmeas=OtXl. 
T h e effect o f s t r u c t u r a l s e a w a r d s l opes o n s p a t i a l d i s t r i b u t i o n of 
o v e r t o p p i n g w a t e r i s n o t m o n o t o n i c a n d c a n be e x p l a i n e d a s f o l l ow ing : F o r 
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m i l d e r s l ope , wave b r e a k e r i s l i k e l y to be a s p i l l i n g o r p l u n g i n g b r e a k e r a n d 
wave r e f l e c t i on coe f f i c i en t i s s m a l l . T h e w a v e l o s e s m o r e ene rgy to b r e a k i n g 
b u t h a s l e s s wave e n e r g y r e f l e c t ed . F o r s t e epe r s l ope , wave t e n d s n o t to 
b r e a k , o r h a s a s u r g i n g b r e a k e r ; w a v e r e f l e c t i o n coe f f i c i ent i s l a r ge , a n d 
s t a n d i n g w a v e s c a n a l s o be f o r m e d . W a v e e n e r g y i s m a i n l y r e f l ec ted a n d h a s 
l e s s w a v e ene r gy d i s s i p a t e d d u e to w a v e b r e a k i n g . T h e c o m b i n a t i o n o f w a v e 
b r e a k i n g a n d r e f l e c t i on o n the s e a w a r d s l o p e s a f fects the h o r i z o n t a l v e l o c i t y 
a n d l a y e r t h i c k n e s s o n the c r e s t , w h i c h a r e k e y p a r a m e t e r s for the l a n d w a r d 
s p a t i a l d i s t r i b u t i o n s h o w n i n E q u a t i o n (5.4.6) . F o r e x a m p l e , t h e c a s e w i t h 
the s l ope o f 1:8 h a s m u c h e n e r g y d i s s i p a t e d d u e to wave b r e a k i n g , a n d t h e 
c a s e w i t h the s l ope o f 1:3 h a s l i t t l e e n e r g y d i s s i p a t e d d u e to w a v e b r e a k i n g 
a n d l i t t l e ene rgy re f l ec ted b y s t r u c t u r e s , the re f o r e , t h e s u m of k i n e t i c e n e r g y 
a n d p o t e n t i a l ene rgy o n t h e c r e s t o f th e l a t t e r c a s e i s l a r g e r t h a n t h a t o f th e 
f o r m e r c a s e . W a v e o v e r t o p p i n g w a t e r o f t h e c a s e w i t h the s l ope o f 1:3, 
there fo re , t r a v e l s f a r t h e r t h a n t h e c a s e w i t h t h e s l ope of 1:8. T h i s i s 
c o n s i s t e n t w i t h t h e c o n c l u s i o n i n S u n a m u r a a n d O k a z a k i (1996) t h a t t h e 
r e f l e c t i on coe f f i c i ent i n c r e a s e s a s th e b r e a k e r t ype c h a n g e s f r o m s p i l l i n g to 
c o l l a p s i n g t h r o u g h p l u n g i n g , c o r r e s p o n d i n g to i n c r e a s i n g t h e s t r u c t u r a l 
s l opes . 
5.5.4 Relative crest width of the structure 
T h e r e l a t i v e c r e s t w i d t h o f th e s t r u c t u r e , d e f i n e d a s the ra t i o o f t h e c r e s t 
w i d t h , B , to the de ep w a t e r w a v e l e n g t h , Lp, i s s i g n i f i c a n t to t h e l a y e r 
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t h i c k n e s s a n d v e l o c i t y o n the s t r u c t u r a l c r e s t ( S c h u t t r u m p f a n d O u m e r a c i , 
2 0 0 5 ) . T h e r e f o r e , i t c a n be e x p e c t e d t h a t the l a n d w a r d s p a t i a l d i s t r i b u t i o n of 
o v e r t o p p i n g w a t e r i s d e p e n d e n t o n t h e re la t i ve c r e s t w i d t h b a s e d o n s e m i -
a n a l y t i c a l m o d e l . 
0 0.5 1 1.5 
x/H. 
1 
Figure 5.5.4 Effect of the relative structural crest width, B/Lp, on the landward 
spatial distribution of overtopping water. Hi=0.12m, Tpi=1.6s, htoe=0.7m, tan(a)=l:6, 
Rc=0.1tn. and hmeas=Om. 
F i g u r e 5 .5 .4 s h o w s th e s p a t i a l d i s t r i b u t i o n o f wave o v e r t o p p i n g w a t e r 
a g a i n s t r e l a t i v e l a n d w a r d d i s t a n c e , x/Hi. W i t h t h e s a m e i n c i d e n t wave 
c o n d i t i o n s (H ,=0 .12m, Tpi^ 1.6s) a n d t h e s a m e geome t r y , the p r o p o r t i o n o f 
w a v e o v e r t o p p i n g v o l u m e p a s s i n g x i n c r e a s e s s i g n i f i c a n t l y a s d e c r e a s i n g the 
r e l a t i v e c r e s t w i d t h f r o m 0 .3 to 0 . T h i s i s b e c a u s e l a rge r e l a t i v e c r e s t w i d t h 
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l e a d s to la rge d e d u c t i o n s o f v e l o c i t y a n d l a y e r t h i c k n e s s o n the s t r u c t u r a l 
c r e s t d u e to the f r i c t i o n a n d t h e d e f o r m a t i o n o f the o v e r t o p p i n g t o n g u e a t t h e 
c r e s t of the d i k e ( S c h u t t r u m p f a n d O u m e r a c i , 2 0 0 5 ) . T h e l a r g e r t h e r e l a t i v e 
c r e s t w i d t h , the m o r e s i g n i f i c a n t t h e effect o f f r i c t i o n a n d the d e f o r m a t i o n o f 
the o v e r t o p p i n g t o n g u e i s . The r e f o r e , for t h e s a m e ve l o c i t y a n d l a y e r 
t h i c k n e s s o n the s e a w a r d e n d o f s t r u c t u r a l c r e s t (x=-B), large r e l a t i v e c r e s t 
w i d t h c o r r e s p o n d s to a s m a l l e r v e l o c i t y a n d l e s s l a y e r t h i c k n e s s o n t h e 
l a n d w a r d e n d of s t r u c t u r a l c r e s t (x=Om). S m a l l v e l o c i t y a n d l a y e r t h i c k n e s s 
r e s u l t i n s m a l l t r a v e l d i s t a n c e o f o v e r t o p p i n g w a t e r . 
5.5.5 Relative freeboard of the structure 
S t r u c t u r a l f r e e b o a r d r e l a t i v e to s i g n i f i c a n t wave h e i g h t a t t h e toe o f 
s t r u c t u r e s , Rc/Hi, i s s i g n i f i c a n t to t h e v e l o c i t y a n d l a y e r t h i c k n e s s o n the 
s t r u c t u r a l c r e s t , a c c o r d i n g to E q u a t i o n (5.4.3) a n d E q u a t i o n (5.4.4). 
F i g u r e 5 . 5 .5 s h o w s t h a t t h e effect o f r e l a t i v e s t r u c t u r a l f r e e b o a r d s o n 
l a n d w a r d s p a t i a l d i s t r i b u t i o n o f wave o v e r t o p p i n g w a t e r i s s i g n i f i c a n t . F o r a 
c e r t a i n l a n d w a r d l o c a t i o n , the p r o p o r t i o n o f w a v e o v e r t o p p i n g v o l u m e 
p a s s i n g x d e c r e a s e s a s i n c r e a s i n g r e l a t i v e s t r u c t u r a l f r e eboa rds . F o r e x a m p l e , 
the m a j o r i t y o f o v e r t o p p i n g w a t e r t r a v e l s a b o u t o n e s i g n i f i c a n t w a v e h e i g h t 
a w a y f r o m s t r u c t u r e s for r e l a t i v e f r e e b o a r d o f 0 . 9 4 , b u t i t t r a v e l s f a r t h e r 
b e h i n d s t r u c t u r e s , u p to 1.6 t i m e s t h e s i g n i f i c a n t w a v e h e i g h t for a r e l a t i v e 
f r e eboa rd o f 0 . 3 2 . T h i s i s m a i n l y d u e to t h e h o r i z o n t a l v e l o c i t y o n the c r o w n 
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c r e s t . D u e to t h e g r a v i t y effect, l a r g e re la t i ve f r e e b o a r d r e q u i r e s m o r e 
p o t e n t i a l e n e r g y to o v e r t o p t h e c r e s t ; there fore , t h e k i n e t i c e n e r g y w i l l 
d e c r e a s e . S m a l l k i n e t i c e n e r g y c o r r e s p o n d s to s m a l l h o r i z o n t a l v e l o c i t y o n 
t h e c r o w n c r e s t . T h e r e f o r e , l a r g e r e l a t i v e f r e e b o a r d l e a d s to s m a l l t r a v e l 
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Figure 5.5.5 Effect of relative structural freeboard, Rc/Hi, on landward spatial 
distr ibution of overtopping water. Hi=0.16m, Tpj=2.0s, /boe=0.7m, hmea^Om, B=0.3ni 
and tan(a)=l:6. 
5.5.6 Landward ground level 
It c a n be e x p e c t e d t h a t the s p a t i a l d i s t r i b u t i o n of o v e r t o p p i n g w a t e r d e p e n d s 
o n t h e l a n d w a r d g r o u n d l e ve l , hmeas- A s d i s c u s s e d i n S e c t i o n 5 .4 , the 
t r a j e c t o r y o f o v e r t o p p i n g v o l u m e i s i n a p a r a b o l i c t ype , there fo re , we c a n 
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e s t i m a t e t h a t i f the o v e r t o p p i n g v o l u m e i s d r o p p e d i n t o x = 
2{y + 0) 
— m a t 
g 
hmeas=Om, t h e n i t w i l l f a l l i n t o I ^ ^ Z J l ^ J l a t hmeas=0.1m i n s t e a d ( F i g u r e 
V g 
2.3.5 ) . F i g u r e 5 .5 .6 s h o w s the effect o f l a n d w a r d g r o u n d leve l o n l a n d w a r d 
s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r a s a f u n c t i o n o f re la t i ve l a n d w a r d 
d i s t a n c e . 
x/H . 
Figure 5.5.6 Effect of landward ground level, h meas 9 Oil the landward spatial 
distribution of wave overtopping water. Hi=0.12m, Tpi=1.6s, htoe=0.7m, jRc=0.1m, 
tan(a)=l:6 and B=0.3m. 
It i s i n t e r e s t i n g to o b s e r v e t h a t for the s a m e w a v e c o n d i t i o n s a n d 
s t r u c t u r a l g eomet ry , s p a t i a l d i s t r i b u t i o n o f w a v e o v e r t o p p i n g w a t e r i s 
s t r o n g l y d e p e n d e n t o n hmeas. T h e p r o p o r t i o n o f w a v e o v e r t o p p i n g v o l u m e 
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p a s s i n g x i n c r e a s e s w i t h i n c r e a s i n g the l a n d w a r d g r o u n d l eve l , hmeas. T h e 
o v e r t o p p i n g w a t e r e v e n r e a c h e s to a d i s t a n c e u p to th r e e t i m e s b i gge r t h a n 
s i g n i f i c a n t w a v e h e i g h t for hmeas=0.3 m , w h i l e i t o n l y s p l a s h e s d o w n i n th e 
a r e a o f h a l f t h e s i g n i f i c a n t w a v e h e i g h t f r o m s t r u c t u r e s for hmeas=-0.05 m . 
H o w e v e r , o u r r e s u l t s s h o w t h e o v e r e s t i m a t i o n i n t h e p r o p o r t i o n o f wav e 
o v e r t o p p i n g w a t e r f a l l i n g i n t o t h e a r e a w i t h x s l i g h t l y b i gge r t h a n ze ro , 
c o m p a r i n g w i t h t h e p r e d i c t i o n s b y L y k k e A n d e r s e n (2006 ) . T h i s i s m a i n l y 
d u e to t h e s m a l l o v e r t o p p i n g d i s c h a r g e for t h i s c a s e , s i m i l a r to a n a p p e ( in 
h y d r o - e n g i n e e r i n g re f e rs to t h e s h e e t o f w a t e r o ve r - t opp ing ) c l i n g i n g to t h e 
l a n d w a r d face o f t h e w e i r w i t h v e r y l o w w a t e r h e a d s . It c a n be e x p e c t e d t h a t 
t h e p r o p o r t i o n o f w a v e o v e r t o p p i n g w a t e r f a l l i n g i n t o th e a r e a i m m e d i a t e l y 
b e h i n d t h e s t r u c t u r e d e c r e a s e s w i t h i n c r e a s i n g the o v e r t o p p i n g d i s c h a r g e , 
s u c h a s d e c r e a s e r e l a t i v e f r e e b o a r d ( F i gu r e 5.5.5) . 
5.6 Summary 
S p a t i a l d i s t r i b u t i o n o f i r r e g u l a r wave o v e r t o p p i n g w a t e r b e h i n d 
i m p e r m e a b l e c o a s t a l s t r u c t u r e s w a s i n v e s t i g a t e d u s i n g th e R A N S - V O F m o d e l . 
W e h a v e d e m o n s t r a t e d t h a t t h e c a l c u l a t e d ave rage o v e r t o p p i n g d i s c h a r g e s 
a g r e e w e l l w i t h p r e d i c t i o n s b y V a n d e r M e e r a n d J a n s s e n (1995) a n d T A W 
(2002 ) . C a l c u l a t e d l a n d w a r d s p a t i a l d i s t r i b u t i o n s o f w a v e o v e r t o p p i n g w a t e r 
a r e i n g o o d a g r e e m e n t s w i t h t h e m e a s u r e m e n t s b y P u l l e n et a l (2008) for a 
v e r t i c a l w a l l a n d L y k k e A n d e r s e n (2006) for a d i k e w i t h the s l ope o f 1:2. T h e 
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p r o p o r t i o n o f w a v e o v e r t o p p i n g w a t e r d e c r e a s e s e x p o n e n t i a l l y w i t h t h e 
d i s t a n c e a w a y f r o m the s t r u c t u r e , c o r r e s p o n d i n g to t h e b u l k o f w a v e 
o v e r t o p p i n g w a t e r f a l l i n g i n t o a r e a s i m m e d i a t e l y b e h i n d the s t r u c t u r e . 
A s e m i - a n a l y t i c a l m o d e l w a s d e r i v e d to e x t r a c t the g o v e r n i n g p a r a m e t e r s 
i n v o l v i n g the s p a t i a l d i s t r i b u t i o n o f w a v e o v e r t o p p i n g w a t e r b e h i n d c o a s t a l 
s t r u c t u r e s . T h i s s e m i - a n a l y t i c a l m o d e l r e l a t e d the l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f wav e o v e r t o p p i n g w a t e r to the l a n d w a r d g r o u n d l e ve l , t h e 
v e l o c i t y a n d l a y e r t h i c k n e s s o n t h e c r e s t . T h e s e m i - a n a l y t i c a l l a n d w a r d 
s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r agrees r e a s o n a b l y w e l l w i t h b o t h 
n u m e r i c a l r e s u l t s a n d m e a s u r e m e n t s . P a r a m e t e r a n a l y s i s f o u n d t h a t 
nega t i v e l y s k e w e d w a v e s h a v e t h e l a r g e r c u m u l a t i v e o v e r t o p p i n g v o l u m e a n d 
average o v e r t o p p i n g d i s c h a r g e t h a n p o s i t i v e l y s k e w e d w a v e s . F o r t h e s a m e 
i n c i d e n t wave c o n d i t i o n s , t h e p r o p o r t i o n o f wav e o v e r t o p p i n g v o l u m e p a s s i n g 
a l o c a t i o n i n c r e a s e s w i t h i n c r e a s i n g s t r u c t u r a l s l ope f r o m 1:8 to 1:3, b u t i t 
d e c r e a s e s w i t h i n c r e a s i n g the s l o p e f r o m 1:3 to v e r t i c a l w a l l . T h e p r o p o r t i o n 
o f w av e o v e r t o p p i n g w a t e r p a s s i n g a l o c a t i o n i n c r e a s e s w i t h i n c r e a s i n g U r s e l l 
n u m b e r of i n c i d e n t w a v e s a n d t h e l a n d w a r d g r o u n d l eve l , b u t d e c r e a s e s w i t h 
i n c r e a s i n g r e l a t i v e s t r u c t u r a l f r e e b o a r d a n d the r e la t i ve c r e s t w i d t h . T h e 
effect o f wave r a n d o m n e s s i s n eg l i g i b l e o n b o t h c u m u l a t i v e o v e r t o p p i n g 
v o l u m e a n d l a n d w a r d s p a t i a l d i s t r i b u t i o n o f wave o v e r t o p p i n g w a t e r . 
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6.1 Conclusions 
6.1.1 Main findings 
T h i s P h D w o r k h a s s u c c e s s f u l l y i n v e s t i g a t e d t h e t r a n s f o r m a t i o n o f wave 
s h a p e s o v e r L o w - C r e s t e d S t r u c t u r e s ( LCS ) a n d t h e s p a t i a l d i s t r i b u t i o n o f the 
o v e r t o p p i n g w a t e r b e h i n d c o a s t a l s t r u c t u r e s , b y e m p l o y i n g t h e i m p r o v e d 2 D 
R A N S - V O F m o d e l a n d s t a t e - o f - t h e - a r t e x p e r i m e n t a l d a t a s e t s . 
T h e f i r s t p a r t o f t h i s w o r k p r e s e n t s t h e r e s u l t s o f a n i n v e s t i g a t i o n o f the 
t r a n s f o r m a t i o n o f w a v e s k e w n e s s a n d a s y m m e t r y a s w a v e s p r o p a g a t e ove r 
l o w - c r e s t e d b r e a k w a t e r s , ( L C B s ) , b a s e d o n a n a n a l y s i s o f m e a s u r e m e n t s 
c o l l e c t e d i n t h e D E L O S pro j ec t . T h e l o c a l U r s e l l n u m b e r , c a l c u l a t e d b y m e a n 
p e r i o d r a t h e r t h a n p e a k p e r i o d , i s i d e n t i f i e d a s a k e y p a r a m e t e r a f f e c t ing 
w a v e s k e w n e s s a n d a s y m m e t r y a r o u n d L C S . T h i s w o r k t h e n e s t a b l i s h e d a 
se t o f e m p i r i c a l f o r m u l a e u s i n g l e a s t s q u a r e s r e g r e s s i o n for b o t h s m o o t h a n d 
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r u b b l e m o u n d L C B s , r e l a t i n g w a v e s k e w n e s s a n d a s y m m e t r y to l o c a l U r s e l l 
n u m b e r . P r e d i c t e d wave s k e w n e s s a n d a s y m m e t r y a re i n good a g r e e m e n t 
w i t h m e a s u r e m e n t s . F u r t h e r s t u d y s h o w s t h a t wave s k e w n e s s o n b o t h s i d e s 
o f L C B s i s l i n e a r l y c o r r e l a t e d for r u b b l e m o u n d L C B s b u t w e a k l y c o r r e l a t e d 
for s m o o t h L C B s . W a v e a s y m m e t r y o n b o t h s i d e s o f L C B s h a s a w e a k l y 
q u a d r a t i c c o r r e l a t i o n . T h e effect o f t h e r e l a t i v e f r e e b o a r d o n the r e l a t i o n s h i p s 
o f wave a s y m m e t r i e s b e t w e e n b o t h s i d e s i s s i g n i f i c a n t for r u b b l e m o u n d 
L C B s , b u t the s a m e does n o t h o l d for s m o o t h L C B s . 
R A N S - V O F m o d e l i s f i r s t l y i n t r o d u c e d to i n v e s t i g a t e wave s k e w n e s s a n d 
a s y m m e t r y over ove r L o w - C r e s t e d S t r u c t u r e s . N u m e r i c a l r e s u l t s a r e i n g o o d 
a g r e e m e n t w i t h l a b o r a t o r y m e a s u r e m e n t s c o l l e c t e d i n the s m a l l s c a l e w a v e 
c h a n n e l t e s t s a t t h e U n i v e r s i t y o f C a n t a b r i a (UCA ) a n d the p r e d i c t i o n s m a d e 
b y the e m p i r i c a l f o r m u l a e d e r i v e d i n t h i s t h e s i s . In the p r e s e n c e o f L C S , 
pos i t i v e wave s k e w n e s s d e c r e a s e s i n t h e s e a w a r d n e a r - f i e l d r e g i o n a n d 
i n c r e a s e s r a p i d l y u p to the m a x i m u m o n t h e s t r u c t u r a l c r e s t . It t h e n 
d e c r e a s e s d r a m a t i c a l l y i n th e l e e w a r d n e a r - f i e l d r e g i o n . Nega t i v e w a v e 
a s y m m e t r y d e c r e a s e s i n th e s e a w a r d n e a r - f i e l d r e g i o n , d o w n to t h e 
m i n i m u m v a l u e o n the s t r u c t u r a l c r e s t , a n d t h e n i n c r e a s e s u p to p o s i t i v e 
v a l u e i n the l e e w a r d n e a r - f i e l d r e g i o n o f L C S . 
T h e B i s p e c t r a l A n a l y s i s i n t h i s w o r k h e l p s u s u n d e r s t a n d t h a t w a v e 
n o n l i n e a r i n t e r a c t i o n s , i n c l u d i n g s u m i n t e r a c t i o n a n d d i f f e rence i n t e r a c t i o n , 
s t r o n g l y c o n t r i b u t e to wave s k e w n e s s a n d a s y m m e t r y . T h a t i s , s u m 
i n t e r a c t i o n c o n t r i b u t e s p o s i t i v e l y to w a v e s k e w n e s s b u t nega t i v e l y to w a v e 
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a s y m m e t r y , w h i l e d i f f e r ence i n t e r a c t i o n nega t i v e l y c o n t r i b u t e s to w a v e 
s k e w n e s s b u t p o s i t i v e l y c o n t r i b u t e s to wave a s y m m e t r y . T h e u n d e r l y i n g 
p h y s i c s o f l a r g e v a r i a t i o n s o f w a v e s h a p e s i n th e v i c i n i t y o f c o a s t a l s t r u c t u r e s 
i s t h a t : b o t h s u m i n t e r a c t i o n s a n d d i f f e rence i n t e r a c t i o n s a r e s i g n i f i c a n t i n 
t h e s e a w a r d n e a r - f i e l d r e g i o n , w h i l e the s u m i n t e r a c t i o n s d o m i n a t e o n t h e 
s t r u c t u r a l c r e s t b u t d i f f e r ence i n t e r a c t i o n s d o m i n a t e i n the l e e w a r d n e a r -
f i e l d r e g i o n o f L C S . 
P a r a m e t e r a n a l y s i s s h o w s t h a t l a r g e r wave h e i g h t s c o r r e s p o n d to g r ea t e r 
w a v e s k e w n e s s a n d s m a l l e r w a v e a s y m m e t r y o n b o t h s i d e s o f L C S . I n c i d e n t 
w a v e s h a p e s h a v e a s i g n i f i c a n t effect o n wave s k e w n e s s a n d a s y m m e t r y b u t 
o n l y o n t h e i n c i d e n t s i de . R a t e s o f i n c r e a s i n g wave s k e w n e s s a n d a s y m m e t r y 
a b o v e t h e c r e s t i n c r e a s e w i t h d e c r e a s i n g s t r u c t u r a l c r e s t w i d t h . T h e 
v a r i a t i o n s o f w a v e a s y m m e t r i e s a b o v e s t r u c t u r e s d e c r e a s e w i t h i n c r e a s i n g 
w a v e p e r i o d s . T h e e x t e n t o f t h e effect o f s t r u c t u r e s , h o w e v e r , i n c r e a s e s w i t h 
a n i n c r e a s i n g w a v e p e a k p e r i o d a n d a d e c r e a s i n g s t r u c t u r a l p o r o s i t y . 
M a x i m u m w a v e s k e w n e s s a n d a s y m m e t r y i n c r e a s e w i t h t h e i n c r e a s e o f 
s t r u c t u r a l f r e e b o a r d f r o m n e g a t i v e v a l u e s to ze ro , b u t t h e y s u b s e q u e n t l y 
d e c r e a s e w i t h l a r g e r po s i t i v e f r e e b o a r d s . The r a n d o m n e s s i n i r r e g u l a r w a v e s 
h a s a n i n s i g n i f i c a n t effect o n b o t h w a v e s k e w n e s s a n d a s y m m e t r y a c r o s s 
L C S . 
T h e s e c o n d p a r t o f t h i s w o r k p r e s e n t s r e s u l t s o f t h e s p a t i a l d i s t r i b u t i o n o f 
t h e o v e r t o p p i n g w a t e r b e h i n d i m p e r m e a b l e c o a s t a l s t r u c t u r e s , u s i n g th e 
R A N S - V O F m o d e l . C a l c u l a t e d a ve rage o v e r t o p p i n g d i s c h a r g e s agree w e l l w i t h 
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p r e d i c t i o n s b y V a n d e r M e e r a n d J a n s s e n (1995) a n d T A W (2002 ) . T h e 
c a l c u l a t e d s p a t i a l d i s t r i b u t i o n s o f w a v e o v e r t o p p i n g w a t e r b e h i n d the 
s t r u c t u r e a re i n g ood a g r e e m e n t w i t h t h e m e a s u r e m e n t s by P u l l e n et a l 
(2008) for a v e r t i c a l w a l l a n d L y k k e A n d e r s e n a n d B u r c h a r t h (2006) for a 1:2 
s e a w a r d s l ope o f the d i k e . A s e m i - a n a l y t i c a l m o d e l , r e l a t i n g th e l a n d w a r d 
s p a t i a l d i s t r i b u t i o n of wav e o v e r t o p p i n g w a t e r to t h e l a n d w a r d g r o u n d l e ve l , 
a n d the v e l o c i t y a n d l a y e r t h i c k n e s s o n the c r e s t , w a s d e r i v e d . T h e s e m i -
a n a l y t i c a l l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r a g r e e s 
r e a s o n a b l y w e l l w i t h b o t h n u m e r i c a l r e s u l t s a n d e x p e r i m e n t a l 
m e a s u r e m e n t s . T h i s finding c a n l e a d r e s e a r c h e r s to ta rge t these p a r a m e t e r s 
a n d p r o d u c e m o r e d e t a i l e d g u i d e l i n e s for p r o t e c t i n g t h e p r o p e r t i e s t h a t a r e 
s h e l t e r e d b y c o a s t a l s t r u c t u r e s i n th e f u t u r e . 
P a r a m e t e r a n a l y s i s s h o w s t h a t for t h e s a m e i n c i d e n t w a v e c o n d i t i o n s , t h e 
p r o p o r t i o n o f wav e o v e r t o p p i n g w a t e r p a s s i n g a l a n d w a r d l o c a t i o n i n c r e a s e s 
i n i t i a l l y w i t h the i n c r e a s e i n th e s e a w a r d s l ope of t h e s t r u c t u r e f r o m 1:8 to 
1:3, b u t i t s u b s e q u e n t l y d e c r e a s e s w i t h s t e epe r s l o p e s ( f rom 1:3 to v e r t i c a l ) . 
T h e p r o p o r t i o n o f wav e o v e r t o p p i n g w a t e r p a s s i n g a l o c a t i o n i n c r e a s e s w i t h 
U r s e l l n u m b e r o f the i n c i d e n t w a v e s a n d l a n d w a r d g r o u n d l e ve l , b u t 
d e c r e a s e s w i t h i n c r e a s i n g r e l a t i v e s t r u c t u r a l f r e e b o a r d a n d s t r u c t u r a l c r e s t 
w i d t h . T h e effect o f wave r a n d o m n e s s i s n eg l i g i b l e o n l a n d w a r d s p a t i a l 
d i s t r i b u t i o n o f wav e o v e r t o p p i n g w a t e r . 
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6.1.2 Recommendations 
T h e l o c a l U r s e l l n u m b e r , k n o w n a s a m e a s u r e o f wave n o n l i n e a r i t y , i s 
i d e n t i f i e d a s a k e y p a r a m e t e r a f f e c t i ng wave s k e w n e s s a n d a s y m m e t r y 
a r o u n d L C S . T h e f l ow d e p t h a n d f l ow ve l oc i t i e s a t t h e l e e w a r d e n d of 
s t r u c t u r a l c r e s t s , a s w e l l a s t h e l a n d w a r d g r o u n d leve ls , a r e a l s o p r o v e d to 
be g o v e r n i n g p a r a m e t e r s o f l a n d w a r d s p a t i a l d i s t r i b u t i o n o f w a v e 
o v e r t o p p i n g . 
T h e d e r i v e d e m p i r i c a l f o r m u l a e , w h i c h r e l a t e wave s k e w n e s s a n d w a v e 
a s y m m e t r y to l o c a l wave c o n d i t i o n s , p r o v i d e effective w a y s to p r e d i c t wave 
s k e w n e s s a n d a s y m m e t r y d i r e c t l y a n d a c c u r a t e l y . T h e p r e d i c t e d w a v e 
s k e w n e s s a n d a s y m m e t r y c a n be s u b s e q u e n t l y i n c o r p o r a t e d i n t o a n a l y t i c o r 
n u m e r i c a l m o d e l s o f s e d i m e n t t r a n s p o r t . T h e s e m i - a n a l y t i c a l m o d e l o f t h e 
l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r a l s o p r o v i d e s a u s e f u l 
m e a n s to a p p r o x i m a t e l y e s t i m a t e t h e s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g 
w a t e r b e h i n d c o a s t a l s t r u c t u r e s , be fore r u n n i n g h i g h - c o s t e x p e r i m e n t s o r 
c o m p l e x n u m e r i c a l s i m u l a t i o n s . T h i s e s t i m a t i o n c a n offer a g e n e r a l c o n c e p t 
o f s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r a n d w i l l g ive a n i d e a o f th e r a n g e s 
o f h a z a r d z o n e s e x p e c t e d i n a spe c i f i c s e t u p . 
T h e s e q u e n c e o f r a n d o m w a v e s w i t h t y p i c a l p a r a m e t e r s , s u c h a s 
s i g n i f i c a n t w a v e h e i g h t a n d p e a k p e r i o d , h a s n o s i g n i f i c a n t effect o n the 
t r a n s f o r m a t i o n o f wave s k e w n e s s a n d a s y m m e t r y over L C S a n d o n the 
l a n d w a r d s p a t i a l d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r over a n i m p e r m e a b l e 
s t r u c t u r e . T h i s f i n d i n g w i l l g ive e n g i n e e r s m o r e c o n f i d e n c e w h e n u s i n g 
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s i g n i f i c a n t wave h e i g h t a n d p e a k p e r i o d o n l y to i n v e s t i g a t e t h e 
t r a n s f o r m a t i o n o f r a n d o m w a v e s h a p e s a n d r a n d o m wave o v e r t o p p i n g . 
A s m e n t i o n e d i n th e i n t r o d u c t i o n , w a v e s k e w n e s s a n d wave a s y m m e t r y 
a r e d i r e c t l y r e l a t e d to s e d i m e n t t r a n s p o r t . T h e p r o p o r t i o n o f w a v e 
o v e r t o p p i n g w a t e r p a s s i n g a c e r t a i n l a n d w a r d l o c a t i o n c a n a l s o be u s e d to 
de f ine the l o c a t i o n a n d a r e a o f h a z a r d o u s z o n e s b e h i n d the s t r u c t u r e for t h e 
s c e n a r i o s w h e n o v e r t o p p i n g i s a n t i c i p a t e d . A s a r e s u l t , c o n t r o l l i n g t h e w a v e 
a s y m m e t r i e s i s a n ef fective m e a n s o f c o n t r o l l i n g t h e n e t s e d i m e n t t r a n s p o r t , 
a n d c o n t r o l l i n g th e p r o p o r t i o n o f t h e o v e r t o p p i n g w a t e r p a s s i n g a c e r t a i n 
l a n d w a r d l o c a t i o n h e l p s to r e d u c e the e x t e n t o f t h e h a z a r d o u s z o n e s b e h i n d 
t h e s t r u c t u r e . T h e findings of t h i s s t u d y a l o n g w i t h the e c o n o m i c 
c o n s i d e r a t i o n s c a n be u s e d to p r o p o s e g u i d e l i n e s for f u t u r e p r a c t i c a l 
e n g i n e e r i n g a p p l i c a t i o n s . 
• B u i l d i n g a toe b e r m o r a s h a l l o w f o r e s h o r e i n f r on t o f the s t r u c t u r e c a n 
r e d u c e i n c i d e n t w a v e h e i g h t s a n d p e a k p e r i o d s b y f o r c i n g w a v e 
b r e a k i n g . T h i s w i l l r e s u l t i n s m a l l e r w a v e s k e w n e s s a n d a s y m m e t r y , 
w av e o v e r t o p p i n g d i s c h a r g e a n d the s i ze o f t h e h a z a r d o u s a r e a b e h i n d 
the de f ences . 
• U s i n g a r e l a t i v e l y s m a l l p o s i t i v e f r e e b o a r d a n d a r e l a t i v e l y s m a l l 
s t r u c t u r a l c r e s t i n a d d i t i o n to a l a r ge s t r u c t u r a l p o r o s i t y , c o u l d c a u s e 
s m a l l e r w a v e s k e w n e s s a n d a s y m m e t r y , a s w e l l a s s m a l l e r e x t e n t o f 
the effect o f s t r u c t u r e s . 
• A d o p t i n g a la rge r e l a t i v e c r e s t a n d f r e e b o a r d , a n d a h i g h g r o u n d l e ve l 
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for p l a c i n g l a n d w a r d p r o p e r t i e s , a s w e l l a s t r y i n g to a v o i d s e a w a r d 
s l o p e s o f 1:2 a n d 1:3. T h i s c o u l d c a u s e a s m a l l p r o p o r t i o n o f t h e 
o v e r t o p p i n g w a t e r p a s s i n g a c e r t a i n l a n d w a r d l o c a t i o n a n d a s m a l l e r 
h a z a r d o u s a r e a b e h i n d t h e d e f ence s . 
6.2 Future Work 
M o r e e x p e r i m e n t a l d a t a for w a v e t r a n s f o r m a t i o n ove r c o a s t a l s t r u c t u r e s 
a n d l a n d w a r d s p a t i a l d i s t r i b u t i o n o f wav e o v e r t o p p i n g w a t e r i s n e e d e d to 
e n h a n c e o u r u n d e r s t a n d i n g a n d ver i f y t h e m a i n f i n d i n g s o f t h e p r e s e n t w o r k . 
T h e p r e s e n t 2 D R A N S - V O F m o d e l s i m u l a t e s b o t h t h e t u r b u l e n c e f i e ld a n d 
m e a n f l ow f i e l d v e r y w e l l i n t h e w h o l e d o m a i n e x c e p t a t t h e b r e a k i n g p o i n t . 
T h i s i s d u e to t h e fac t t h a t g r a v i t y - w a v e b r e a k i n g i s e s s e n t i a l l y a t h r e e -
d i m e n s i o n a l p r o c e s s a n d the k - e t u r b u l e n c e m o d e l a l w a y s o v e r e s t i m a t e s the 
t u r b u l e n c e l e v e l a r o u n d the b r e a k i n g p o i n t ( L i n a n d L i u , 1998 ) . A t t h e s a m e 
t i m e , t h i s m o d e l i g n o r e s t h e a i r effect above t h e free s u r f a c e a n d a s a r e s u l t , 
t h e t r a p p e d a i r b u b b l e s i n s i d e t h e w a t e r a n d s p l a s h e s i n th e a i r a r e n o t f u l l y 
t r e a t e d . A l s o , t h e v e l o c i t i e s a n d p r e s s u r e a t t h e free s u r f a c e n e e d to be 
l i n e a r l y e x t r a p o l a t e d . T h e s e a p p r o x i m a t i o n s a r e one o f t h e p o s s i b l e c a u s e s 
for t h e d i s c r e p a n c y b e t w e e n n u m e r i c a l r e s u l t s a n d m e a s u r e m e n t s i n the 
p r e s e n t w o r k . The r e f o r e , m o r e w o r k s h o u l d be d o n e i n t h e i m p r o v e m e n t s o f 
t h e n u m e r i c a l m o d e l . T h e s e i m p r o v e m e n t s m a y c o n s i s t o f t a k i n g a c c o u n t o f 
t h e a i r ef fect a n d c o n s i d e r i n g the 3 D effect i n wave b r e a k i n g a n d o v e r t o p p i n g , 
a s w e l l a s e m p l o y i n g a d y n a m i c S u b - G r i d - S c a l e (SOS) t u r b u l e n c e m o d e l 
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w h i c h h e l p s to c a p t u r e the w a v e - i n d u c e d s m a l l - s c a l e t u r b u l e n t f l ows . 
T h e p r e s e n t s t u d y s h o w s t h a t t h e l o c a l effect o f L C S o n the 
t r a n s f o r m a t i o n o f wav e s h a p e s i s s i g n i f i c a n t . Howeve r , o n l y a q u a l i t a t i v e 
a n a l y s i s o n v a r i a t i o n s o f wav e s h a p e h a s b e e n d o n e so far. A q u a n t i t a t i v e 
a n a l y s i s o n the e x t e n t o f t h e effect o f s t r u c t u r e s o n v a r i a t i o n s o f w a v e s h a p e 
w i l l be n e e d e d for p r a c t i c a l a p p l i c a t i o n s i n th e f u t u r e . 
T h e f u t u r e w o r k s h o u l d a l s o c o v e r th e i m p a c t a n d r e d i s t r i b u t i o n o f 
o v e r t o p p i n g w a t e r a f ter t o u c h i n g the l a n d w a r d g r o u n d . It is e x p e c t e d t h a t 
t h e i m p a c t o f t h e o v e r t o p p i n g w a t e r o n the l a n d w a r d g r o u n d l e ve l a n d the 
r e d i s t r i b u t i o n o f o v e r t o p p i n g w a t e r a r e o f i m p o r t a n c e to l a n d w a r d s c o u r 
r e s e a r c h a n d t h e l a n d w a r d d r a i n a g e s c h e m e . In a d d i t i o n , t h e s p a t i a l 
d i s t r i b u t i o n o f wav e o v e r t o p p i n g w a t e r o v e r a p e r m e a b l e c o a s t a l s t r u c t u r e , 
w h i c h i s m o r e c o m m o n i n t h e p r a c t i c a l a p p l i c a t i o n s , s t i l l n e e d s to be 




EMPIRICAL FORMULAE FOR OVERTOPPING 
DISCHARGE 
A c o m b i n a t i o n o f s t o r m s u r g e a n d la rge w a v e s m a y c a u s e o v e r t o p p i n g o f 
s u c h s t r u c t u r e s l i k e b r e a k w a t e r s , d i k e s , s e a w a l l s , etc . , l e a d i n g to d a m a g e to 
a n d f l o o d i n g o f t h e a r e a b e h i n d t h e s t r u c t u r e . O v e r t o p p i n g i s d e f i n e d a s th e 
w a t e r v o l u m e p a s s i n g ove r t h e c r e s t o f s t r u c t u r e s p e r u n i t l e n g t h i n a u n i t 
t i m e . T h e a v e r a g e d i s c h a r g e , q , h a s the u n i t o f m ^ / m / s . 
A l Formulae of Van der Meer and Janssen (1995) 
A n o t h e r c o m m o n l y u s e d f o r m u l a for c a l c u l a t i n g w a v e o v e r t o p p i n g 
d i s c h a r g e i s d e r i v e d b y V a n d e r M e e r a n d J a n s s e n (1995) . 
F o r b r e a k i n g w a v e s ( p lung ing ) : §p<2 
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F o r n o n - b r e a k i n g w a v e s ( surg ing ) : §p>2 
, ^ =0.2*exp(-2.6* ^ ) (A2) 
sJg*H^, Yr Vb 7h Yp 
W h e r e a i s the s l ope o f the f r on t face o f t h e s t r u c t u r e , Rc is the s t r u c t u r a l 
f r e eboa rd , Hs s i g n i f i c a n t w a v e h e i g h t {=Hi/3\ a t t h e toe o f the s l ope a n d Lop 
b e i n g the deep w a t e r wave l e n g t h gT^p/(2K). s,^ = "=. T h e coe f f i c i en t s yb, 
Yh, Yr, a n d YP a re i n t r o d u c e d to t a k e i n t o a c c o u n t t h e i n f l u e n c e o f a b e r m , 
s h a l l o w f o r e sho r e , r o u g h n e s s a n d o b l i q u e w a v e a t t a c h . A l l these coe f f i c i en t s 
a r e 1.0 i n p r e s e n t w o r k . 
A2 Formulae of TAW (2002) 
( E u r O t o p , 2007 ) r e c o m m e n d s the f o r m u l a e to p r o b a b i l i t y d e s i g n a n d 
p r e d i c t i o n p r o p o s e d b y T A W (2002) for b r e a k i n g a n d n o n - b r e a k i n g w a v e s [^m-
i,o<5): 
Yb *4,-,.o *exp(^.75 * - . . ) (A3) 
^lg*Hlo " i„-i.o*ffn,o*Yb*Yf*Yfi*Y. 
^ =0.2*exp(-2.6* ^ ) 
W i t h a m a x i m u m o f V ^ ^ ^ f^n,o*Yf*Yp 
T h e f o r m u l a e to d e t e r m i n i s t i c d e s i g n a n d p r e d i c t i o n : 
q 0.067 Rr . , A ^ v 
~ Vi,*^„,-,.o*exp(-4.3*- ^ „ ^ ^ ) (A4) 
^jg*Hlo ' ^,.~\.o*H,M*Yb*Yf*Yp*Y. 
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^ =0.2*exp(-2.3* —) 
W i t h a m a x i m u m of: V g * ^ ' " " 
W h e r e a i s t h e s l o p e of the f r o n t face o f the s t r u c t u r e , Rc i s t h e s t r u c t u r a l 
f r e e b o a r d , Hmo i s t h e e n e r g y s p e c t r u m b a s e d s i g n i f i c a n t wave h e i g h t a t t h e 
toe o f t h e s l o p e a n d Tm-i,o b e i n g t h e m e a n e n e r g y wave p e r i o d , Lm-i,o=gT^m-
I_O/(2K). ^ ^ , 1 0 = - = ^ ^ " ^ T h e coe f f i c i en t s yb, Yf, Yp, a n d a r e i n t r o d u c e d to 
t a k e i n t o a c o u n t t h e i n f l u e n c e o f a b e r m , p e r m e a b i l i t y a n d r o u g h n e s s o f o r 
o n t h e s l o p e , o b l i q u e w a v e a t t a c h a n d a v e r t i c a l w a l l o n the s l ope 





T M A s p e c t r u m i s d e v e l o p e d to i n c o r p o r a t e f in i te d e p t h effects i n t o th e 
J O N S W A P s p e c t r u m . B o u w s et a l . (1985) a p p l y the t r a n s f o r m a t i o n f ac to r , 
4>(oh), d e r i v e d b y K i t a i g o r o d s k i i et a l . (1975) , to t h e J O N S W A P s p e c t r u m a n d 
p r e s e n t the T M A s p e c t r u m a s S(co)=So(a))* <I>(oh), w h e r e So(o) i s t h e J O N S W A P 
s p e c t r u m a n d (W,, =2nf yfhTg 
T h e t r a n s f o r m a t i o n fac to r , O(coh) i s c a l c u l a t e d a s f o l l o w i n g ( K i t a i g o r o d s k i i 
et a l . , 1975 ) : 
( B l ) 
CC}f,=Ct)yjh/g 
T h e J O N S W A P s p e c t r u m , d e s c r i b e d i n H a s s e l m a n n et a l . , (1973 ) , c a n be 
e x p r e s s e d i n f o l l o w i n g f o r m : 
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5'o(cy) = - ^ e x p ( - 1 . 2 5 
CO 
( B 2 ) 
W a v e d a t a c o l l e c t e d d u r i n g th e J O N S W A P e x p e r i m e n t we r e u s e d to 
d e t e r m i n e t h e v a l u e s for t h e c o n s t a n t s i n E q u a t i o n ( B 2 ) : 
Y = 3 . 3 ; a =0.076 ^ 1 0 
Fg 
C7 - < 
0.07 co<cOp 
0.09 co>co„ 
w h e r e F i s t h e d i s t a n c e f r o m a lee s h o r e , c a l l e d the f e t ch , o r t h e d i s t a n c e 
o v e r w h i c h t h e w i n d b l o w s w i t h c o n s t a n t v e l o c i t y . U i o i s the m e a n w i n d 
s p e e d a t 10 m e t e r s above t h e s e a w a t e r l eve l . T h e s e two c o n s t a n t s we r e 
m o d i f i e d to g e n e r a t e t h e t a r g e t s i g n i f i c a n t wave h e i g h t a n d p e a k p e r i o d . 
0 . 1 2 1 1 J O N S W A P spectrum 
0.1 
I'i T M A spectrum 
0 .08 ;; — 




0 . 0 2 1/ \\ 11 \\ 
1 — _ 1 1 
" o 0.5 1 1.5 2 
f(Hz) 
Figure B l JONSWAP spectrum and T M A spectrum for Hs=0.16m, Tp=2.0s, h=0.7m 
and Uio=10m/s, F=3.3km. 
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F i g u r e B l i s a n e x a m p l e o f a T M A s p e c t r u m w h i c h i n d i c a t e s c l e a r l y t h e 
effect of w a t e r d e p t h o f the m a g n i t u d e a s w e l l a s t h e s h a p e of the J O N S W A P 
s p e c t r u m . 
W h e n t h e t i m e s e r i e s o r T M A s p e c t r u m of i r r e g u l a r w a v e s a r e a v a i l a b l e , 
the F a s t F o u r i e r T r a n s f o r m a t i o n (FFT) i s t h e n e m p l o y e d to o b t a i n t h e 
a n g u l a r f r e q u e n c y , t h e a m p l i t u d e , a,, a n d t h e p h a s e , Psi, o f the w a v e 
c o m p o n e n t s , w h i c h i s n e c e s s a r y for i n t e r n a l s o u r c e f u n c t i o n s (see e q u a t i o n 
(2.2.36)) 
F o r t i m e s e r i e s . 





P . , = a r c t a n ( ' - ^ t ^ ^ n . ( t ) ) , l ^3^^ 
real[FFnnm 
W h e r e r](t) i s the t i m e s e r i e s d a t a , fs i s the s a m p l i n g f r e q u e n c y o f r](t), N i s 
the n u m b e r o f p o i n t s i n t i m e s e r i e s , n i s the n u m b e r o f p o i n t s o f F F T , a n d i 
i s the f r e q u e n c y l i n e n u m b e r , o r a r r a y i n d e x , o f the F F T o f r](t). 
F o r T M A s p e c t r u m , the a m p l i t u d e v e c t o r o f i - t h t a rge t w a v e c o m p o n e n t , a i 




w h e r e Acoi i s t h e f r e q u e n c y i n t e r v a l a n d the p h a s e vec to r , Q I i s t h e v e c t o r 
u s e d i n g e n e r a t i n g T M A s p e c t r u m ( E q u a t i o n s ( B l ) a n d (B2)), P s i , c a n be 






T h e d i g i t a l c o m p l e x b i s p e c t r a l e s t i m a t e B(fi, f2) for d i s c r e t e l y s a m p l e d d a t a 
c a n be i n t e r p r e t e d i n t e r m s o f F o u r i e r coe f f i c i en t s , ( H a u b r i c h , 1 9 6 5 ; K i m a n d 
P o w e r s , 1978 ) , a s 
Bif,f,)^E[A(f,)A(fJA\f,)] ( C I ) 
w h e r e E[ ] d e n o t e s a n e x p e c t e d v a l u e , A(f) d e n o t e s a c o m p l e x F o u r i e r 
coe f f i c i ent , w h i l e t h e a s t e r i s k r e p r e s e n t s a c o m p l e x c on juga t e , fi ( i = l , 2 , 3) 
a r e wave f r e q u e n c i e s a n d c o n v e n t i o n a l l y f3=fi+f2- F o r e x a m p l e , i f B ( 0 . 5 9 , 
0 .59 )=0.5 , t h i s i n d i c a t e s a se l f - se l f i n t e r a c t i o n a t f r e q u e n c y f=0.59 c o u p l i n g 
to ene rgy a t f r e q u e n c y y=1 .18 H z . 
In the w o r k o f K i m a n d P o w e r s (1978 ) , t h e n o r m a l i z e d m a g n i t u d e o f t h e 
b i s p e c t r u m w a s u s e d to de f ine th e b i c o h e r e n c e , b. 
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E l g a r a n d G u z a (1985) c o n c l u d e d t h a t the b i c o h e r e n c e d o e s r e p r e s e n t t h e 
r e l a t i v e deg r ee o f p h a s e c o u p l i n g b e t w e e n t r i a d s o f w a v e s . F o r e x a m p l e , w i t h 
b=l for f u l l c o u p l i n g , a n d b=0 for r a n d o m p h a s e r e l a t i o n s h i p s . S i g n i f i c a n t 
p e a k s i n b i c o h e r e n c e i d en t i f y two f r e q u e n c i e s o f the th r e e i n a n i n t e r a c t i n g 
t r i a d c o n t r i b u t i n g s i g n i f i c a n t e n e r g y to the t i m e s e r i e s . 
H a s s e l m a n et a l . (1963) a n d E l g a r a n d G u z a (1985) i n d i c a t e d t h a t t h e 
m e a n c u b e o r t h i r d m o m e n t s o f a s t a t i o n a r y r a n d o m t i m e s e r i e s , d e n o t e d 
h e r e b y r](t), c a n be r e l a t e d to the i n t e g r a l of t h e p a r t s o f t h e b i s p e c t r u m if fi 
i s g r e a t e r t h a n /2. F o r e x a m p l e , w a v e s k e w n e s s , S, c a n be e x p r e s s e d a s 
S i m i l a r l y , w a v e a s y m m e t r y . A, w a s d e f i n e d a s the i n t e g r a l o f t h e 
i m a g i n a r y p a r t o f t h e b i s p e c t r u m (E l ga r a n d G u z a , 1985) 
W h e r e ^ a n d ^ d e n o t e the i m a g i n a r y a n d r e a l p a r t s o f t h e b i s p e c t r u m 
r e s p e c t i v e l y . 
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C2 Benchmark of Bispectral Analysis 
To c h e c k the v a l i d i t y o f b i s p e c t r a l a n a l y s i s c ode a n d the s i g n o f skewrness 
a n d a s y m m e t r y , t h e p i t c h - b a c k w a r d s a w - t o o t h (steep r e a r faces a n d g e n t l y 
s l o p i n g f r on t faces , b u t c r e s t s a n d t r o u g h s o f e q u a l a m p l i t u d e s ) w a v e s a r e 
u s e d , see F i g u r e C I . 
Figure C I Surface elevations of a saw-tooth wave (dashed line, Skewness=0, 
Asymmetry=2.2171) and its Hilbert transform (solid line, Skewness=2.2171, 
Asymmetry=0). 
W h i l e a ' s t o ke s w a v e ' s h a p e ( b r oad , l o w t r o u g h s a n d n a r r o w , t a l l c r e s t s 
b u t s y m m e t r i c f ron t a n d b a c k faces) h a s z e ro a s y m m e t r y a n d p o s i t i v e 
s k e w n e s s . T h e d i f f e rent wave s h a p e a n d c h a r a c t e r i s t i c s c o m e f r o m t h e 9 0 
degree p h a s e d i f f e rence , w h i c h a l s o re f lec t t h e p h a s e r e l a t i o n s h i p b e t w e e n 
the p r i m a r y f r e q u e n c y a n d the p h a s e - l o c k e d h a r m o n i c s , a l t h o u g h t h e y h a v e 
i d e n t i c a l p o w e r s p e c t r a . 
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T h e H i g h e r - O r d e r S p e c t r a l A n a l y s i s (HOSA) c ode w a s e m p l o y e d i n t h i s 
s t u d y , w i t h 1 0 2 4 - p o i n t F o u r i e r T r a n s f o r m , 5 1 2 - p o i n t h a n n i n g w i n d o w a n d 
5 0 % o v e r l a p . T h e s a m p l e f r e q u e n c y o f d a t a i s 4 0 H z . D a t a i s 8 0 0 s e c o n d s 
l o n g . T h e r e a l p a r t o f b i s p e c t r u m i s z e ro a n d the i m a g e p a r t o f b i s p e c t r a l i s 
p o s i t i v e , a n d t h e s u m v a l u e i s 2 . 2 1 7 1 , see F i g u r e 0 2 . It i s e a s y to f m d t h a t 
t h e p r i m a r y f r e q u e n c y f l i s 0 . 6 2 5 H z , a n d the p e a k s o f i m a g e p a r t of 
b i s p e c t r u m a r e (fi, fi), [2fi, fi), (3fi, fi), (4/j, fi), [2fi, 2fi), {2fi+fi, 2fi). T h e 
r e s u l t s a b o v e s h o w t h a t t h i s H O S A code c a n d e s c r i b e the b i s p e c t r u m 
e f f i c i en t l y . 
spectrum iit the incident side 
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Figure C2 Bispectrum of pitch-backward saw-tooth time series. Left panel is the 
real part of bispectrum, while right panel is the image part of bispectrum 
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APPENDIX D 
EXPERIMENTS 
D l Two-Dimensional Wave Transmission Tests 
T w o - d i m e n s i o n a l wave t r a n s m i s s i o n t es t s we r e c o n d u c t e d i n th e s m a l l -
sca l e c h a n n e l flume a t U n i v e r s i t y o f C a n t a b r i a , S p a i n ( F i gure D l ) , w i t h i n t h e 
E U - f u n d e d D E L O S pro jec t . D e t a i l e d d e s c r i p t i o n s a b o u t t h i s p r o j e c t c a n be 
f o u n d i n K r a m e r et al. (2005) a n d D E L O S w e b s i t e 
( h t t p : / / w w w . d e l o s . u n i b o . i t / ) . T h e w a v e a n d c u r r e n t flume i s 24 m l o n g , 0 . 6 0 
m w ide a n d 0 . 8 0 m h i g h . T h e p i s t o n - t y p e w a v e - m a k e r h a s two a t t a c h e d free 
s u r f a c e wave g a u g e s i n t e g r a t e d i n a n A c t i v e W a v e A b s o r p t i o n S y s t e m 
( A W A C S ®) t h a t a l l o w s th e a b s o r p t i o n o f r e f l ec ted w a v e s f r o m the m o d e l . T h e 





400 476 200 380 
Wave maker ^ 
80 
Recirculation tank Recirculation pipe False steel twitom Recirculation lank 
1/20 Plexigtas ramp Bottom aperture 1/20 Plcxiglas ramp 
Figure D l Experimental set-up (Kramer et al., 2005). Distances in centimetres 
T h e l o w c r e s t e d s t r u c t u r e m o d e l w a s b u i l t o v e r a 3 . 8 - m l o n g s t a i n l e s s 
s t e e l h o r i z o n t a l f a l s e b o t t o m . I n t h e f r o n t a l foot o f t h e r u b b l e , a P l e x i g l a s 
r a m p w i t h I V / 2 0 H s l ope c o n n e c t e d t h e fa lse b o t t o m w i t h the b o t t o m of t h e 
f l u m e . T w o r u b b l e - m o u n d l o w - c r e s t e d s t r u c t u r e s o f 0 . 2 5 a n d 1.00 m c r e s t 
w i d t h w e r e t e s t e d . C r e s t e l e v a t i o n f r o m the b o t t o m (0 .25 m) , f r on t a n d b a c k 
s l o p e a n g l e s ( 1 V / 2 H ) a n d r u b b l e c h a r a c t e r i s t i c s we r e m a i n t a i n e d c o n s t a n t 
for b o t h s t r u c t u r e s . T h e m o d e l s h a d t w o - l a y e r a r m o u r o f s e l e c t ed g r a v e l a n d 
a g r a v e l c o r e . T h e c o r e c h a r a c t e r i s t i c s a r e Da50=0.031 m , p o r o s i t y =0.49 a n d 
A r m o u r c h a r a c t e r i s t i c s a re Dn5o=0.046 m , p o r o s i t y =0 .53 . A final d i s s i p a t i v e 
b e a c h w i t h 1/20 s l o p e w a s m a d e o f q u a r r y r o c k w i t h Dn5o=0.015 m a n d 
p o r o s i t y = 0 . 4 3 . 
T h e d a t a u s e d for the p r e s e n t s t u d y were m e a s u r e d b y 11 r e s i s t i v e free 
s u r f a c e g a u g e s to a s s e s s free s u r f a c e e v o l u t i o n . G a u g e s G l to G 3 a r e 
i n s t a l l e d i n f r o n t o f L C S . G a u g e s G 4 to G 5 a r e l o c a t e d a b o v e the s e a w a r d 
s l o p e o f L C S . G a u g e 6 i s a b o v e t h e c r e s t a n d G a u g e 7 i s o n the l ees ide s l ope 
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for 1.00 m c r e s t w i d t h , w h i l e b o t h g a u g e s G 6 a n d G 7 a r e p l a c e d o n t h e 
t r a n s m i s s i o n s i d e for 0 . 2 5 m c r e s t w i d t h i n s t e a d . G a u g e s G 8 to G i l w e r e 
p l a c e d o n the t r a n s m i s s i o n s i d e a l o n g the f lat b o t t o m b e h i n d t h e L C S . T h e 
d e t a i l e d c o o r d i n a t e s o f g a u g e s a r e s h o w n i n F i g u r e 4 . 2 . 1 . E a c h r e c o r d w a s 
s a m p l e d a t 30Hz. T h e r u b b l e m o u n d L C S we r e t e s t e d for t h r e e d i f f e r en t 
w a t e r d e p t h s o f 0 .3 m , 0 . 3 5 m a n d 0 .4 m , c o r r e s p o n d i n g to t h r e e d i f f e r en t 
f r e e b o a r d s (-0.05 m , 0 m a n d 0 . 0 5 m) . T h e r e a r e t h r e e i n c i d e n t w a v e h e i g h t s 
(0 .04 m , 0 . 0 7 m a n d 0 . 1 0 m) a n d t h r e e wave p e r i o d s (1.6 s, 2.4 s a n d 3 .2 s). 
T a b l e D l p r e s e n t s a s u m m a r y o f t h e r e l e v a n t s m a l l - s c a l e c h a n n e l t e s t s ( on ly 
G l a n d G 8 a r e s h o w n ) . E x p e r i m e n t a l s e t - u p a n d tes t c o n d i t i o n s w e r e 
d e s c r i b e d i n f u r t h e r d e t a i l i n K r a m e r et a l . ( 2005 ) . 
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Table D l Summary of the relevant small-scale channel tests 
Test No. Test set-up Gauge G l Gauge 8 
B(m) Duration (s) Hi(m) T„i Is) h(m) Hs(m) Tp|sl T meaii(s) Ur S A Hs(ml T„(s) TmeanfS Ur S A 
50 0.25 480 0.1 1.6 0.4 0.09 1.53 1 13 14.39 0.41 -0.05 0.05 1.55 0.94 10.39 0.08 0.16 
116 0.25 480 0.1 1.6 0.35 0.09 1.63 1 11 16.10 0.47 -0.15 0.03 1.61 0.92 7.06 0.07 0.26 
223 1 800 (reg) 0.1 1.6 0.4 0.08 1.60 1 56 18.02 0.33 -0.12 0.03 1.60 0.83 1.91 0.03 0.54 
255 1 480 0.04 1.6 0.4 0.03 1.59 1 11 5.93 0.12 -0.03 0.02 1.59 0.73 3.97 0.03 0.07 
260 1 480 0.07 1.6 0.4 0.06 1.55 1 11 10.11 0.21 -0.08 0.03 1.57 0.70 5.83 0.03 0.09 
264 1 480 0.1 1.6 0.4 0.08 1.59 1 14 14.63 0.35 -0.03 0.03 1.52 0.75 6.08 0.03 0.29 
268 1 720 0.04 2.4 0.4 0.03 2.20 1 43 10.92 0.15 -0.03 0.02 2.28 0.85 8.28 0.06 0.13 
272 1 720 0.07 2.4 0.4 0.05 2.28 1 39 21.42 0.23 -0.06 0.02 2.35 0.78 13.97 0.34 0.34 
276 1 720 0.1 2.4 0.4 0.08 2.24 1 39 28.57 0.33 -0.06 0.03 2.35 0.87 16.85 0.73 0.31 
280 1 960 0.04 3.2 0.4 0.03 3.10 1 66 20.24 0.24 -0.08 0.02 3.18 1.02 15.84 0.75 0.00 
284 1 960 0.07 3.2 0.4 0.07 3.10 1 60 52.80 0.52 -0.14 0.03 3.10 1.05 33.39 1.35 -0.36 
289 1 960 0.1 3.2 0.4 0.07 3.10 1 59 53.01 0.52 -0.14 0.03 3.18 1.07 34.59 1.34 -0.38 
320 1 480 0.04 1.6 0.35 0.03 1.63 1 07 13.42 0.12 -0.04 0.03 1.64 1.55 17.28 -0.07 0.02 
323 1 480 0.07 1.6 0.35 0.06 1.63 1 10 24.59 0.26 -0.05 0.04 1.63 1.39 23.25 -0.05 0.27 
326 1 480 0.1 1.6 0.35 0.09 1.64 1 10 33.86 0.47 -0.15 0.01 11.38 1.09 223.23 -0.07 0.17 
329 1 720 0.04 2.4 0.35 0.03 2.35 1 45 28.03 0.12 -0.05 0.03 2.35 2.12 33.88 0.04 0.08 
332 1 720 0.07 2.4 0.35 0.06 2.40 1 43 53.04 0.21 -0.04 0.02 2.48 1.83 24.89 0.54 0.25 
335 1 720 0.1 2.4 0.35 0.08 2.40 1 40 74.39 0.30 0.01 0.01 2.48 1.34 15.11 1.38 0.42 
338 1 960 0.04 3.2 0.35 0.03 2.58 1 60 28.52 0.27 -0.03 0.02 3.25 2.68 61.94 0.18 0.04 
342 1 960 0.07 3.2 0.35 0.05 2.58 1 56 53.26 0.47 -0.05 0.02 3.25 1.81 46.00 1.12 -0.12 
346 1 960 0.1 3.2 0.35 0.07 2.58 1 51 77.05 0.63 -0.07 0.01 3.33 1.31 35.31 1.85 -0.38 
365 1 480 0.04 1.6 0.3 0.03 1.61 1 02 12.72 0.14 -0.04 0.02 1.61 1.45 11.53 0.01 0.06 
367 1 480 0.07 1.6 0.3 0.06 1.61 1 03 21.48 0.34 -0.11 0.04 1.61 1.62 20.01 0.13 0.01 
369 1 480 0.1 1.6 0.3 0.09 1.63 1 07 32.94 0.47 -0.26 0.07 1.63 1.82 41.61 0.15 -0.08 
371 1 720 0.04 2.4 0.3 0.03 2.20 1 42 24.48 0.06 0.03 0.02 2.48 1.97 34.20 -0.02 -0.06 
373 1 720 0.07 2.4 0.3 0.06 2.40 1 40 52.23 0.16 0.07 0.05 2.48 2.12 66.72 -0.01 -0.16 
375 1 720 0.1 2.4 0.3 0.08 2.40 1 40 76.30 0.33 0.10 0.07 2.48 2.34 100.37 0.00 -0.25 
377 1 960 0.04 3.2 0.3 0.03 2.58 1 55 28.14 0.18 0.06 0.03 3.18 2.48 60.15 0.03 -0.12 
379 1 960 0.07 3.2 0.3 0.05 2.58 1 51 50.59 0.38 0.07 0.04 3.18 2.61 105.65 0.00 -0.23 
381 1 960 0.1 3.2 0.3 0.07 2.58 1 45 76.46 0.57 0.03 0.07 3.25 2.85 175.73 0.03 -0.41 
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D2 Wave Basin Transmission Tests 
D a t a w a s o b t a i n e d f r o m o b l i q u e t h r e e - d i m e n s i o n a l wave t r a n s m i s s i o n 
t e s t s i n t h e m u l t i d i r e c t i o n a l w a v e b a s i n (18.0 m x 1 2 . 0 m x 1.0 m) a t A a l b o r g 
U n i v e r s i t y , D e n m a r k ) , w i t h i n the E U - f u n d e d D E L O S pro j ec t . D e t a i l e d 
d e s c r i p t i o n s a b o u t t h i s p ro j ec t c a n be f o u n d i n W a n g (2003) , K r a m e r et al. 
(2005) a n d D E L O S w e b s i t e ( h t t p : / / w w w . d e l o s . u n i b o . i t / ) . 
A s m o o t h m o u n d L o w - C r e s t e d B r e a k w a t e r , a n d a r u b b l e m o u n d L o w -
C r e s t e d B r e a k w a t e r , were t e s t e d . T h e c r o s s - s e c t i o n a n d l a y o u t s o f s m o o t h 
a n d r u b b l e m o u n d L C S i n c l u d i n g p o s i t i o n s o f g a u g e s a r e g i v en i n F i g u r e D 2 . 
T h e r u b b l e m o u n d s t r u c t u r e w a s 2 5 c m h i g h w i t h a c r e s t w i d t h o f 10 c m 
a n d i t w a s b u i l t o f q u a r r y r o c k . T h e c r o s s - s e c t i o n c o n s i s t e d of a b o t t o m l aye r , 
a co re a n d a n o u t e r a r m o u r l a y e r w i t h the d e t a i l e d c h a r a c t e r i s t i c s : 
W5o=0.269 k g , Dn5o=0 .0466m a n d a g r a d i n g o f D 8 5 / D i 5 = 1 . 2 5 , see th e c r o s s -
s e c t i o n s c h e m e a t the t op a n d left h a n d - s i d e o f F i g u r e D 2 . T h e s m o o t h 
s t r u c t u r e h a d g en t l e r s l o p e s t h a n the r u b b l e m o u n d s t r u c t u r e , w h i c h i s a l s o 
th e c a s e i n r ea l i t y . T h e s e a w a r d s l ope w a s 1:3 a n d the l e e w a r d s l o p e 1:2. T h e 
s t r u c t u r e h e i g h t w a s 0 . 3 0 m a n d the c r e s t w i d t h 0 . 2 0 m . T h e s t r u c t u r e s we r e 
p l a c e d o n a h o r i z o n t a l p l a t e a u , w h i c h w a s 0 . 1 6 m h i g h e r t h a n t h e b o t t o m o f 
t h e b a s i n . T h i s c r e a t e d a l a r g e r d e p t h i n f r on t o f the wave g e n e r a t o r a n d 
m a d e it p o s s i b l e to g ene ra t e v e r y s t eep a n d b r e a k i n g w a v e s i n f r on t o f t h e 
s t r u c t u r e , see F i g u r e D 3 . R e f l e c t i o n f r o m t h e r e a r w a l l o f t h e b a s i n w a s 
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Figure D2 Cross-section and layouts of rubble mound and smooth LCS including 
positions of gauges, 'x ' marks the position of wave gauges (Kramer et al., 2005). 
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Figure D3 Bottom topography for 0° rubble mound layout (Kramer et al., 2005). 
Units i n c m 
T h e t a r ge t i r r e g u l a r 3 D w a v e s w e r e g e n e r a t e d u s i n g t h e d i r e c t i o n a l 
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s p e c t r u m , S{co), w h i c h d e s c r i b e s t h e d i s t r i b u t i o n o f t h e w a v e e n e r g y i n b o t h 
the s p a t i a l a n d f r e q u e n c y d o m a i n s . S{co) i s e x p r e s s e d a s a p r o d u c t o f t h e 
u n i d i r e c t i o n a l wave s p e c t r u m 8^(0)) ( d e s c r i b e d i n e q u a t i o n (B2)) a n d a 
s p r e a d i n g f u n c t i o n Z ) ( ^ , 6 ; ) , t h a t i s , S(0,co) = So{co)*D{0,o}). 
D(9,f) i s t h e s p r e a d i n g f u n c t i o n t h a t c h a r a c t e r i s e s t h e d i s t r i b u t i o n o f w a v e 
ene r gy i n wave p r o p a g a t i o n d i r e c t i o n s f r o m 0 to 2TC. E v e n t h o u g h t h e w a v e 
ene r gy c a n be d i s t r i b u t e d i n d i f f e r en t d i r e c t i o n , t h e t o t a l ene r gy i n w a v e field 
s h o u l d r e m a i n c o n s t a n t . It i s d e f i n e d b y \D{d,f)d0 = 1. T h e C o s i n e - p o w e r o r 
0 
cos2s s p r e a d i n g f u n c t i o n i s a s f o l l o w i n g ( M i t s u y a s u et a l . , 1975 ) : 
TT r(2s'+i) 
( D l ) 
w h e r e 6= w a v e p r o p a g a t i o n a n g l e , 6'o=main w a v e p r o p a g a t i o n d i r e c t i o n , 
r = G a m m a f u n c t i o n , s ' i s a f u n c t i o n o f w a v e f r e q u e n c y . I n e x p e r i m e n t s , a 
c o n s t a n t v a l u e o f s '=50 w a s u s e d i n 3 D w a v e g e n e r a t i o n . 
L a y o u t s o f b r e a k w a t e r s w i t h 0°, 30° a n d 50° r e l a t i v e to t h e wa ve g e n e r a t o r 
we r e u s e d to cove r a l a rge r a n g e o f w a v e i n c i d e n t a n g l e s . T a b l e D 2 a n d T a b l e 
D 3 p r e s e n t s a s u m m a r y o f 168 w a v e b a s i n t r a n s m i s s i o n t e s t s o ve r a s m o o t h 
L C S a n d r u b b l e m o u n d L C S r e s p e c t i v e l y (on ly G 2 a n d G 7 are s h o w n ) . E a c h 
r e c o r d w a s s a m p l e d a t 4 0 H z a n d w a s 9 0 - s e c o n d l o n g . T h e o b s e r v a t i o n s we re 
m e a s u r e d f r o m t e n f i xed g a u g e s , five o f t h e m l o c a t e d o n the i n c i d e n t s i d e 
a n d o t h e r five g a u g e s l o c a t e d o n the t r a n s m i s s i o n s i de o f L C S ( F i gu r e D 2 ) . 
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Table D2 Wave basin transmission tests on Smooth LCS 
Test No. Layout 
Test set-
Rc (m) h (m) 
up 
H i (ml Toi (s) H.S (m) T B (S) 
Gauge 2 
Tmean (s) U r S A (ml To (si Tmcnn 
Gauge 7 
(si U r S A 
1 0 n 0.3 0.08 1 fi 0.09 1 53 1 37 1 5.08 O.fifi -0.07 0 05 1 58 1 .05 3.30 0 02 0.38 
2 0 0 0.3 0.11 1.88 0.13 2.05 1.43 23.93 0.99 -0.45 0.06 1.90 1.17 6.76 0.31 0.55 
3 0 0 0.3 0.14 2.12 0.17 2.18 1.48 33.35 0.83 -0.76 0.07 2.05 1.31 10.43 0.61 0.44 
4 0 0 0.3 0.08 1.13 0.07 1.16 1.09 6.03 0.34 0.03 0.03 1.19 0.76 0.79 0.04 -0.08 
5 0 0 0.3 0.11 1.33 0.10 1.31 1.19 11.13 0.64 -0.01 0.04 1.35 0.89 1.94 0.03 0.13 
6 0 0 0.3 0.14 1.5 0.13 1.53 1.23 16.56 0.87 -0.11 0.06 1.55 1.03 4.15 0.24 0.31 
7 0 0 0.3 0.14 2.12 0.17 2.18 1.54 36.70 0.74 -0.80 0.08 2.05 1.23 12.53 0.53 0.59 
8 0 0 0.3 0.14 1.5 0.14 1.53 1.25 17.42 0.97 -0.15 0.07 1.58 1.07 5.15 0.22 0.43 
9 0 0.05 0.25 0.07 1.5 0.09 1.48 1.28 19.28 0.69 -0.06 0.03 1.51 0.84 1.81 -0.14 0.11 
10 0 0.05 0.25 0.09 1.7 0.11 1.58 1.31 23.77 0.97 -0.18 0.04 1.65 1.01 3.75 0.04 0.47 
11 0 0.05 0.25 0.11 1.88 0.13 2.18 1.40 32.30 0.96 -0.45 0.05 1.77 1.11 5.95 0.22 0.60 
12 0 0.05 0.25 0.07 1.06 0.06 1.09 1.04 7.78 0.29 -0.02 0.02 1.11 0.62 0.36 0.09 -0.06 
13 0 0.05 0.25 0.09 1.2 0.09 1.37 1.14 13.21 0.53 0.00 0.02 1.26 0.71 0.96 0.01 -0.04 
14 0 0.05 0.25 0.11 1.33 0.11 1.37 1.14 16.39 0.75 -0.10 0.03 1.42 0.84 1.96 0.00 0.12 
15 0 -0.05 0.35 0.09 1.7 0.12 1.65 1.46 15.71 0.68 -0.12 0.07 1.71 1.07 4.54 0.26 0.46 
16 0 -0.05 0.35 0.13 2.04 0.18 2.01 1.57 28.66 0.87 -0.49 0.09 1.97 1.20 8.53 0.72 0.41 
17 0 -0.05 0.35 0.17 2.33 0.21 2.23 1.62 36.91 0.88 -0.72 0.09 2.23 1.39 12.23 0.89 0.08 
18 0 -0.05 0.35 0.09 1.2 0.09 1.30 1.15 6.40 0.37 0.05 0.06 1.30 0.84 1.37 0.09 0.12 
19 0 -0.05 0.35 0.13 1.44 0.14 1.40 1.26 12.80 0.72 -0.01 0.07 1.55 1.00 3.09 0.36 0.34 
20 0 -0.05 0.35 0.17 1.65 0.18 1.55 1.30 18.51 0.93 -0.24 0.10 1.60 1.12 6.44 0.59 0.32 
21 30 0 0.3 0.08 1.6 0.10 1.42 1.29 13.81 0.60 -0.04 0.04 1.51 0.90 2.54 0.00 0.31 
22 30 0 0.3 0.11 1.88 0.13 1.55 1.34 20.08 0.76 -0.42 0.05 1.77 1.05 4.49 0.29 0.56 
23 30 0 0.3 0.11 1.88 0.14 1.93 1.41 24.02 0.78 -0.42 0.04 1.77 1.02 3.68 0.17 0.54 
24 30 0 0.3 0.11 1.88 0.13 1.65 1.35 21.01 0.94 -0.39 0.05 1.83 1.11 5.41 0.34 0.55 
25 30 0 0.3 0.14 2.12 0.17 2.09 1.48 32.69 0.80 -0.71 0.05 1.97 1.13 6.63 0.47 0.60 
26 30 0 0.3 0.08 1.13 0.08 1.06 1.02 5.72 0.40 0.02 0.03 1.19 0.72 0.74 0.03 -0.11 
27 30 0 0.3 0.11 1.33 0.11 1.31 1.14 11.56 0.65 -0.01 0.04 1.37 0.83 1.89 -0.06 0.09 
28 30 0 0.3 0.11 1.33 0.12 1.28 1.12 11.46 0.69 -0.05 0.04 1.35 0.81 1.52 -0.01 0.14 
29 30 0 0.3 0.11 1.33 0.11 1.35 1.15 11.46 0.65 -0.01 0.04 1.35 0.85 2.12 0.05 0.16 
30 30 0 0.3 0.14 1.5 0.14 1.38 1.17 15.29 0.79 -0.13 0.05 1.40 0.90 3.11 0.09 0.35 
31 30 0 0.3 0.14 2.12 0.16 2.18 1.48 32.16 0.85 -0.70 0.06 2.09 1.20 9.35 0.63 0.60 
32 30 0 0.3 0.14 1.5 0.14 1.40 1.16 15.44 0.81 -0.07 0.05 1.44 0.90 3.47 0.10 0.34 
33 30 0 0.3 0.14 1.5 0.15 1.44 1.18 16.41 0.84 -0.03 0.05 1.51 0.90 3.53 0.15 0.43 
34 30 0 0.3 0.14 1.5 0.15 1.40 1.18 16.27 0.86 -0.09 0.05 1.46 0.89 3.33 0.05 0.38 
35 30 0.05 0.25 0.07 1.5 0.10 1.46 1.25 18.70 0.60 0.05 0.03 1.46 0.81 1.48 -0.09 0.10 
36 30 0.05 0.25 0.09 1.7 0.12 1.44 1.28 25.27 0.75 -0.20 0.03 1.65 0.94 3.18 -0.05 0.31 
37 30 0.05 0.25 0.11 1.88 0.13 2.05 1.37 31.81 0.85 -0.45 0.04 1.77 1.02 4.12 0.04 0.51 
38 30 0.05 0.25 0.11 1.88 0.14 2.01 1.41 37.46 0.80 -0.46 0.04 1.90 1.00 4.12 -0.05 0.43 
39 30 0.05 0.25 0.11 1.88 0.13 1.60 1.29 28.18 0.84 -0.50 0.04 1.80 1.03 5.12 0.14 0.64 
40 30 0.05 0.25 0.07 1.06 0.07 1.02 0.98 7.19 0.35 0.01 0.02 1.16 0.61 0.32 0.17 -0.03 




Test set-up Gauge 2 
Test No. Layout Rc fm) h fm) H i (m) Tni (s) H.S (ml Tn Is) U r 
49. 30 0.05 0,25 0.1 1 1.33 0.12 1 35 113 17.82 0.69 
43 30 -0.05 0.35 0.09 1.7 0.12 1.55 1.35 12.76 0.65 
44 30 -0.05 0.35 0.13 2.04 0.17 2.05 1.49 23.61 0.74 
45 30 -0.05 0.35 0.13 2.04 0.17 1.90 1.53 26.26 0.75 
46 30 -0.05 0.35 0.13 2.04 0.17 1.97 1.50 24.53 0.78 
47 30 -0.05 0.35 0.17 2.33 0.21 2.28 1.65 38.60 0.75 
48 30 -0.05 0.35 0.09 1.2 0.10 1.22 1.07 5.69 0.41 
49 30 -0.05 0.35 0.13 1.44 0.14 1.38 1.20 11.51 0.70 
50 30 -0.05 0.35 0.13 1.44 0.14 1.31 1.19 10.93 0.70 
51 30 -0.05 0.35 0.13 1.44 0.14 1.38 1.21 11.68 0.68 
52 30 -0.05 0.35 0.17 1.65 0.19 1.51 1.22 15.99 0.91 
53 50 0 0.3 0.08 1.6 0.11 1.55 1.31 15.21 0.62 
54 50 0 0.3 0.11 1.88 0.15 1.77 1.36 23.95 0.82 
55 50 0 0.3 0.11 1.88 0.14 1.74 1.39 23.95 0.86 
56 50 0 0.3 0.11 1.88 0.14 1.80 1.38 23.89 0.75 
57 50 0 0.3 0.14 2.12 0.17 1.90 1.44 31.63 0.81 
58 50 0 0.3 0.08 1.13 0.07 1.07 0.99 5.13 0.39 
59 50 0 0.3 0.11 1.33 0.12 1.31 1.10 10.63 0.69 
60 50 0 0.3 0.11 1.33 0.11 1.35 1.10 9.91 0.62 
61 50 0 0.3 0.11 1.33 0.11 1.40 1.11 10.54 0.70 
62 50 0 0.3 0.14 1.5 0.15 1.51 1.19 16.75 0.85 
63 50 0 0.3 0.14 2.12 0.16 1.97 1.49 32.32 0.77 
64 50 0 0.3 0.14 1.5 0.14 1.51 1.22 17.47 0.77 
65 50 0 0.3 0.14 1.5 0.15 1.48 1.18 16.39 0.84 
66 50 0 0.3 0.14 1.5 0.15 1.46 1.19 17.01 0.82 
67 50 0.05 0.25 0.07 1.5 0.11 1.51 1.22 19.68 0.63 
68 50 0.05 0.25 0.09 1.7 0.14 1.68 1.27 28.54 0.76 
69 50 0.05 0.25 0.11 1.88 0.17 1.65 1.28 35.79 0.80 
70 50 0.05 0.25 0.11 1.88 0.16 1.71 1.29 34.46 0.95 
71 50 0.05 0.25 0.11 1.88 0.16 1.77 1.30 34.89 0.73 
72 50 0.05 0.25 0.07 1.06 0.08 1.00 0.90 6.47 0.38 
73 50 0.05 0.25 0.09 1.2 0.10 1.31 1.01 11.19 0.55 
74 50 0.05 0.25 0.11 1.33 0.13 1.42 1.09 17.33 0.72 
75 50 -0.05 0.35 0.09 1.7 0.12 1.58 1.37 13.71 0.61 
76 50 -0.05 0.35 0.13 2.04 0.16 1.97 1.54 25.10 0.76 
77 50 -0.05 0.35 0.13 2.04 0.16 1.86 1.47 22.01 0.84 
78 50 -0.05 0.35 0.13 2.04 0.17 1.86 1.49 24.61 0.79 
79 50 -0.05 0.35 0.17 2.33 0.20 2.23 1.56 32.72 0.84 
80 50 -0.05 0.35 0.09 1.2 0.09 1.08 1.05 5.12 0.39 
81 50 -0.05 0.35 0.13 1.44 0.14 1.38 1.21 11.59 0.62 
82 50 -0.05 0.35 0.13 1.44 0.14 1.28 1.17 10.47 0.68 
83 50 -0.05 0.35 0.13 1.44 0.14 1.40 1.20 11.16 0.64 
84 50 -0.05 0.35 0.17 1.65 0.19 1.60 1.26 17.56 0.81 
Gauge 7 
Hs (m l Tn (Sl Tmrnn (s) U r S A 
0 03 1 .^ 8 0.79 1 .64 -n.05 0.05 
0.06 1.63 1.01 3.44 0.20 0.34 
0.07 1.86 1.11 5.48 0.65 0.40 
0.06 1.97 1.10 5.21 0.53 0.49 
0.08 1.97 1.20 7.75 0.71 0.41 
0.09 2.18 1.33 10.53 0.98 0.18 
0.05 1.23 0.79 1.36 0.13 -0.02 
0.06 1.46 0.90 2.42 0.17 0.38 
0.05 1.42 0.86 2.18 0.13 0.25 
0.07 1.46 0,98 3.35 0.18 0.34 
0.07 1.77 1.05 4.31 0.48 0.46 
0.03 1.60 0.82 1.44 0.03 0.23 
0.04 1.83 0.98 3.09 0.15 0.26 
0.03 1.71 0.91 2.23 0.14 0.19 
0.04 1.77 1.04 4.02 0.23 0.41 
0.04 1.90 1.06 4.45 0.23 0.45 
0.02 1.16 0.62 0.37 0.09 -0.06 
0.03 1.38 0.74 0.90 0.05 0.06 
0.03 1.40 0.72 0.66 -0.01 0.09 
0.04 1.42 0.79 1.48 0.04 0.12 
0.04 1.55 0.91 1.94 0.13 0.31 
0.04 1.97 1.04 4.35 0.21 0.29 
0.04 1.65 0.86 1.82 0.23 0.21 
0.04 1.58 0.85 1.81 0.23 0.19 
0.04 1.58 0.87 1.83 0.25 0.17 
0.01 1.48 0.66 0.45 -0.22 -0.03 
0.02 1.63 0.80 1.25 -0.18 0.07 
0.02 1.68 0.88 2.02 -0.05 0.28 
0.02 1.71 0.81 1.17 -0.19 0.08 
0.03 1.68 0.93 2.69 -0.01 0.30 
0.01 1.19 0.52 0.09 0.01 -0.08 
0.01 1.26 0.55 0.21 0.11 -0.08 
0.02 1.35 0.68 0.52 -0.06 -0.04 
0.05 1.65 0.88 2.14 0.15 0.13 
0.06 2.09 1.09 4.42 0.37 0.37 
0.05 1.97 1.03 3.14 0.25 0.23 
0.07 1.90 1.10 5.23 0.51 0.56 
0.07 2.28 1.15 6.15 0.73 0.50 
0.05 1.16 0.73 1.12 0.21 -0.01 
0.05 1.42 0.82 1.72 0.13 0.12 
0.04 1.48 0.77 1.14 0.09 0.07 
0.06 1.40 0.90 2.40 0.06 0.14 














































Table D3 Wave basin transmission tests on Rubble Mound LCS 
Test No. Layout 
Test set-up 
Rr (m) h ( m l H i (m) Tni (sl H s (ml T n (sl 
Gauge 2 
(sl U r s A H s (ml T n (si 
Gauge 7 
Tmenn (s) U r S A 
1 0 0 0.25 0.08 1 fi 0 1 1 1.58 1.26 21 .13 0.88 -0.31 0.05 1.53 1 .03 5.50 0.42 0.54 
2 0 0 0.25 0,11 1,88 0.14 1.65 1.30 29.80 1.11 -0.48 0.06 1.65 1.10 8.77 0.96 0.51 
3 0 0 0.25 0,14 2,12 0.14 2.01 1.40 36.09 1.12 -0.58 0.06 2.09 1.20 11.28 1.13 0.32 
4 0 0 0.25 0,08 1,13 0.06 1.07 0.98 6.59 0.42 0.03 0.03 1.16 0.75 1.55 0.07 -0,09 
5 0 0 0.25 0,11 1.33 0.10 1.38 1.08 13.64 0.87 -0,18 0.05 1,38 0.93 4.13 0,13 0.37 
6 0 0 0.25 0,14 1,5 0.12 1.48 1.14 19.31 0.92 -0.40 0,05 1,48 0.97 5.38 0,38 0,44 
7 0 0 0.25 0,14 2.12 0,14 2.01 1.39 35.43 1.15 -0.59 0.07 2,05 1.21 11,84 1.31 0.25 
8 0 0 0.25 0.14 1,5 0,14 1.51 1.16 22.58 0.89 -0.41 0,06 1,51 0.99 6.29 0,51 0,47 
9 0 0.05 0.2 0,07 1.5 0,10 1.60 1.13 24.48 0.93 -0.45 0.03 1,58 0.98 4,60 0,20 0,33 
10 0 0.05 0.2 0.09 1,7 0.12 1.63 1.18 32.57 1,01 -0.61 0,03 1,71 1.04 6.04 0.28 0,29 
11 0 0.05 0.2 0,11 1.88 0.13 1.68 1,23 39.60 0.97 -0.68 0.03 1,90 1.07 7,25 0.40 0,31 
12 0 0.05 0.2 0.07 1,06 0.06 1.07 0.93 9.74 0,48 0.07 0,02 1,13 0.85 1.86 -0.03 -0,05 
13 0 0.05 0.2 0,09 1.2 0,08 1.09 0.94 13.37 0.86 0.01 0.02 1.30 0.88 2,61 -0.09 0,13 
14 0 0.05 0.2 0.11 1,33 0.10 1.44 1.00 18.58 0,91 -0.29 0,03 1,38 0.89 3.51 0.12 0,24 
15 0 -0.05 0.3 0,09 1.7 0,10 1.51 1.35 15.70 0.79 -0.03 0.06 1.55 1.19 6,86 0.61 0,43 
16 0 -0,05 0.3 0.13 2.04 0.14 1.90 1.38 23.45 1,17 -0.38 0.08 1,97 1.26 10.78 1.04 0,16 
17 0 -0.05 0.3 0,17 2.33 0.15 2.13 1.45 28.64 1.13 -0.57 0.09 2.23 1.36 13,60 1.15 -0,15 
18 0 -0.05 0.3 0.09 1.2 0.08 1.19 1.07 6.66 0,44 0.02 0.05 1,22 0.93 2.76 -0.02 0,05 
19 0 -0.05 0.3 0,13 1.44 0.12 1.44 1.21 14.01 0.76 -0.06 0.07 1.46 1.07 5.62 0.52 0,43 
20 0 -0,05 0.3 0.17 1,65 0.16 1.58 1.26 20,34 1,01 -0,25 0.08 1,60 1.13 8.13 0.89 0.19 
21 30 0 0.25 0,08 1.6 0,11 1.46 1.23 19.88 0.93 -0.11 0.04 1.53 1.02 4,65 0,09 0,22 
22 30 0 0.25 0.11 1.88 0,13 1.65 1.24 24,82 1.19 -0,25 0.05 1,74 1.08 6.35 0,33 0.33 
23 30 0 0.25 0,11 1.88 0,13 1,60 1.19 21.84 1.24 -0.32 0.04 1.90 1.06 5,71 0,29 0,27 
24 30 0 0.25 0.11 1.88 0,13 1.71 1.26 26,00 1.21 -0,31 0.05 1,74 1.10 7.11 0,33 0,33 
25 30 0 0.25 0,14 2.12 0,13 1.86 1.27 27.53 1.24 -0.63 0.06 2.01 1.14 8,69 0,69 0,36 
26 30 0 0.25 0.08 1.13 0.08 1.16 1.01 8.63 0.53 -0,01 0.03 1,25 0.78 1.62 0,16 -0,06 
27 30 0 0.25 0,11 1.33 0,12 1.31 1.08 15.57 0.83 -0.11 0.04 1.40 0.93 3,87 0,03 0,04 
28 30 0 0.25 0.11 1.33 0,12 1.28 1.08 15.94 0.86 -0,13 0.04 1,42 0.88 2.89 0,08 0.08 
29 30 0 0.25 0,11 1.33 0,11 1.31 1.10 16.05 0.79 -0.18 0.05 1.28 0.90 3.86 0,15 0.01 
30 30 0 0.25 0.14 1.5 0,14 1.35 1.11 19.99 1.00 -0,27 0.05 1,42 0.98 5.21 0.24 0.22 
31 30 0 0.25 0.14 2.12 0.13 1.93 1.27 27.23 1.23 -0.66 0.06 2.05 1.14 9.00 0,70 0.37 
32 30 0 0.25 0.14 1.5 0,14 1.46 1.14 21.25 0.98 -0,26 0.05 1,51 0.97 5.10 0.30 0.24 
33 30 0 0.25 0.14 1.5 0.14 1.44 1.16 22.23 1.01 -0.24 0.05 1.53 1,00 5.74 0,20 0.26 
34 30 0 0.25 0.14 1.5 0.14 1.46 1.13 21.26 1.01 -0,25 0.06 1,53 1,01 6.09 0.21 0.30 
35 30 0.05 0.2 0.07 1.5 0.09 1.42 1,17 25.69 0.97 -0,16 0.04 1,55 1.09 8.06 -0.04 0.15 
36 30 0.05 0.2 0.09 1.7 0,11 1.51 1,17 28,74 1.12 -0,25 0.03 1,71 1.09 7,81 0.15 0.22 
37 30 0.05 0.2 0,11 1.88 0,12 1,65 1,18 32.98 1.19 -0.34 0.03 1,77 1.07 7.13 0.34 0,17 
38 30 0.05 0.2 0,11 1,88 0.11 1.58 1,14 27.40 1.21 -0,36 0.03 1,77 1.06 6,65 0.32 0.13 
39 30 0.05 0.2 0,11 1.88 0.12 1,77 1,22 34.75 1.18 -0,32 0.03 1,83 1.05 6.92 0.25 0,17 
40 30 0.05 0.2 0,07 1.06 0.06 1.14 0.95 10.12 0.50 -0.03 0.03 1.10 0.97 4,27 0.12 0.01 




Test No. Layout 
Test set-up 
R,-fm) h fml H i fmi Tni (sl H . (ml T n (sl 
Gauge 2 
(sl U r S A H s (ml T n (S) 
Gauge 7 
Tmran (Sl U r S A 
4 9 .•^ 0 0.05 0 . 2 0.1 1 1.33 0.1 1 1 ..-^5 1.08 2 4 . 9 8 0.90 - 0 . 2 5 nn.-^ 1 . . ^ 5 0.94 3.94 0.00 0.05 
43 30 -0.05 0.3 0.09 1.7 0.10 1.55 1.31 15.25 0.90 -0.12 0.06 1.55 1.12 5.84 0.29 0.31 
44 30 -0.05 0.3 0.13 2.04 0.13 1.80 1.36 20.97 1.11 -0.55 0.08 1.83 1.18 8.38 0.75 0.34 
45 30 -0.05 0.3 0.13 2.04 0.13 1.80 1.33 20.28 1.13 -0.63 0.07 1.97 1.21 7.99 0.74 0.32 
46 30 -0.05 0.3 0.13 2.04 0.14 1.80 1.36 21.42 1.18 -0.48 0.08 1.90 1.23 10.28 0.76 0.32 
47 30 -0.05 0.3 0.17 2.33 0.16 2.23 1.44 29.83 0.96 -0.86 0.09 2.18 1.27 11.59 1.09 -0.01 
48 30 -0.05 0.3 0.09 1.2 0.09 1.16 1.04 6.84 0.52 0.02 0.05 1.19 0.82 2.03 0.29 -0.05 
49 30 -0.05 0.3 0.13 1.44 0.13 1.37 1.14 13.34 0.85 -0.11 0.07 1.38 1.02 4.83 0.24 0.27 
50 30 -0.05 0.3 0.13 1.44 0.13 1.35 1.12 12.18 0.81 -0.07 0.06 1.38 0.99 4.03 0.19 0.20 
51 30 -0.05 0.3 0.13 1.44 0.13 1.38 1.16 13.88 0.83 -0.08 0.07 1.40 1.04 5.58 0.26 0.28 
52 30 -0.05 0.3 0.17 1.65 0.15 1.51 1.21 17.96 1.05 -0.23 0.08 1.77 1.13 7.51 0.52 0.38 
53 50 0 0.25 0.08 1.6 0.09 1.46 1.20 15.71 0.97 -0.04 0.04 1.55 1.03 5.11 0.06 0.34 
54 50 0 0.25 0.11 1.88 0.11 1.71 1.23 21.01 1.19 -0.43 0.05 1.77 1.05 5.90 0.39 0.30 
55 50 0 0.25 0.11 1.88 0.11 1.55 1.21 20.30 1.23 -0.39 0.05 1.77 1.11 6.64 0.44 0.29 
56 50 0 0.25 0.11 1.88 0.12 1.71 1.21 21.52 1.28 -0.45 0.05 1.77 1.04 6.38 0.32 0.36 
57 50 0 0.25 0.14 2.12 0.13 1.97 1.28 27.63 1.16 -0.75 0.05 1.90 1.08 6.86 0.60 0.34 
58 50 0 0.25 0.08 1.13 0.08 1.09 1.01 8.70 0.56 0.02 0.03 1.28 0.77 1.57 0.12 -0.04 
59 50 0 0.25 0.11 1.33 0.11 1.25 1.07 14.50 0.89 -0.05 0.04 1.38 0.85 2.89 0.02 0.11 
60 50 0 0.25 0.11 1.33 0.10 1.28 1.06 13.37 0.87 -0.02 0.04 1.38 0.85 2.44 -0.07 -0.01 
61 50 0 0.25 0.11 1.33 0.11 1.28 1.08 14.08 0.85 -0.08 0.05 1.42 0.93 4.08 0.09 0.18 
62 50 0 0.25 0.14 1.5 0.13 1.38 1.09 17.70 1.06 -0.25 0.05 1.65 0.97 4.64 0.25 0.30 
63 50 0 0.25 0.14 2.12 0.13 2.05 1.30 27.00 1.10 -0.80 0.05 2.05 1.12 6.70 0.72 0.24 
64 50 0 0.25 0.14 1.5 0.13 1.44 1.09 17.88 1.06 -0.26 0.05 1.51 0.87 3.43 0.39 0.20 
65 50 0 0.25 0.14 1.5 0.13 1.37 1.07 16.94 1.09 -0.28 0.05 1.60 0.89 3.47 0.38 0.20 
66 50 0 0.25 0.14 1.5 0.13 1.42 1.11 18.19 1.12 -0.23 0.05 1.58 0.91 3.84 0.40 0.23 
67 50 0.05 0.2 0.07 1.5 0.08 1.38 1.12 20.04 1.01 -0.05 0.04 1.51 1.16 9.58 -0.06 0.14 
68 50 0.05 0.2 0.09 1.7 0.10 1.46 1.11 22.93 1.25 -0.23 0.03 1.55 1.05 7.03 0.08 0.25 
69 50 0.05 0.2 0.11 1.88 0.11 1.60 1.10 24.84 1.28 -0.51 0.03 1.80 1.09 7.60 0.32 0.33 
70 50 0.05 0.2 0.11 1.88 0.10 1.65 1.11 23.88 1.26 -0.52 0.03 1.77 1.14 7.99 0.27 0.33 
71 50 0.05 0.2 0.11 1.88 0.11 1.60 1.14 26.71 1.27 -0.48 0.03 1.71 1.04 6.72 0.28 0.26 
72 50 0.05 0.2 0.07 1.06 0.07 1.06 0.95 10.33 0.57 0.03 0.02 1.11 0.94 3.29 0.09 0.01 
73 50 0.05 0.2 0.09 1.2 0.09 1.22 1.00 16.60 0.88 -0.05 0.03 1.28 1.00 4.55 0.05 -0.09 
74 50 0.05 0.2 0.11 1.33 0.10 1.30 1.03 20.12 0.97 -0.14 0.03 1.35 0.99 4.80 -0.07 0.03 
75 50 -0.05 0.3 0.09 1.7 0.10 1.60 1.29 14.10 0.91 -0.22 0.06 1.65 1.18 7.03 0.31 0.39 
76 50 -0.05 0.3 0.13 2.04 0.13 1.93 1.41 22.71 1.01 -0.63 0.07 2.01 1.23 9.27 0.77 0.40 
77 50 -0.05 0.3 0.13 2.04 0.13 1.83 1.37 21.54 1.08 -0.57 0.07 1.90 1.24 8.82 0.72 0.32 
78 50 -0.05 0.3 0.13 2.04 0.14 1.90 1.38 23.43 1.06 -0.75 0.08 1.90 1.22 9.47 0.82 0.44 
79 50 -0.05 0.3 0.17 2.33 0.16 2.23 1.48 31.48 0.91 -0.85 0.08 2.18 1.25 9.72 1.04 0.11 
80 50 -0.05 0.3 0.09 1.2 0.09 1.14 1.03 6.58 0.49 0.03 0.05 1.22 0.94 3.02 0.26 -0.02 
81 50 -0.05 0.3 0.13 1.44 0.13 1.35 1.13 12.43 0.87 -0.11 0.06 1.55 1.04 4.69 0.16 0.25 
82 50 -0.05 0.3 0.13 1.44 0.12 1.31 1.10 10.96 0.83 -0.07 0.06 1.46 1.03 4.31 0.19 0.21 
83 50 -0.05 0.3 0.13 1.44 0.13 1.31 1.14 13.05 0.89 -0.11 0.07 1.42 1.06 5.56 0.21 0.24 
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